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ABSTRACT 


Optical  absorption  spectra  of  excess  electrons  in 

binary  mixtures  of  water  with  a  number  of  alcohols  have 

been  studied  by  the  pulse  radiolysis  method.  Composition 

and  temperature  were  varied  in  order  to  determine  their 

effects  on  spectrum  parameters  such  as  E^max  and  . 

The  values  of  E  in  the  pure  compounds  have 

Amax 

been  remeasured  and  some  new  values  have  been  suggested. 
The  values  decrease  as  follows:  methanol  ~  primary  alco¬ 
hols  (except  ethanol)  >  water  >  secondary  alcohols  >  t- 

/ 

butanol.  The  values  of  decrease  as  follows:  primary 
alcohols  >  methanol  >  secondary  alcohols  >  t-butanol  ^ 
water . 

In  the  vicinity  of  pure  alcohols,  the  E^max  for 
the  solutions  has  two  trends,  i.e.,  it  decreases  as 
mole  %  water  increases  in  methanol  and  primary  alcohols, 
and  increases  for  secondary  alcohols  and  t-butanol. 

Around  10  mole  %  water  in  primary  alcohols,  the  E 

Amax 

reaches  a  minimum  that  is  close  to  or  slightly  less  than  the 
value  for  pure  water.  The  value  of  decreases  with 
increasing  mole  %  water  in  all  the  alcohols  except  t- 
butanol,  in  which  it  is  independent  of  composition. 

Both  E^max  an<3  are  nearly  independent  of  composition 
between  50  and  97  mole  %  water  in  all  the  alcohols. 

The  electrons  are  selectively  solvated  by  water.  In 
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the  vicinity  of  pure  water,  the  E  increases  signifi- 

nlllHX 

cantly  upon  the  addition  of  2  -  3  mole  %  of  any  alcohol, 

but  the  W,  remains  constant.  This  increase  is  related  to 

a  modification  of  the  liquid  structure  of  water. 

The  minimum  of  E.  in  primary  alcohols  contain- 

Amax 

ing  around  10  mole  %  water  suggests  that  a  peculiar  solu¬ 
tion  structure  exists  at  that  composition. 

In  the  50  to  98  mole  %  water  region  the  excess 
electron  rests  preferentially  in  a  slightly  modified  water 
structure . 

The  spectrum  shape  is  more  sensitive  ,to  composi¬ 
tion  change  than  to  temperature.  The  temperature  co¬ 
efficient  of  E  is  negative  in  all  solutions  and  in 

AlllaX 

the  pure  compounds.  By  contrast,  that  of  can  be  posi¬ 
tive,  negative  or  nearly  zero.  The  behavior  of  the  ratio 
W^/E^max  indicates  that  increasing  the  temperature  favors 
selective  solvation  by  water. 

The  behavior  of  -dE.  /dT  and  dW,  /dT  as  a  func- 

Amax  H. 

tion  of  composition  are  similar  to  that  of  E.  itself. 

Amax 

The  behavior  of  itself  with  composition  is  quite 

different  from  these. 
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INTRODUCTION 


I. 

GENERAL 

A  convenient  method  of  putting  electrons  into 
liquids  for  study  is  to  generate  them  inside  the  liquid 
with  a  pulse  of  high  energy  radiation. 

M  - sA/W* - ^  M+  +  e  [  i  ] 

An  electron  is  knocked  off  a  molecule  and  travels  a 
certain  distance  away  from  its  "parent  ion"  before  los¬ 
ing  all  its  excess  energy.  Thus  the  electron  is  thrust 
into  the  body  of  the  liquid.  It  loses  its  excess 
energy  by  ionizing  and  exciting  the  medium.  If  the 
liquid  is  electrophilic  in  nature,  the  slowed-down 
electron  becomes  attached  to  a  molecule  to  form  a 
negative  molecular  ion.  If  the  electron  does  not  be¬ 
come  attached  to  a  molecule,  it  ultimately  reaches  a 
state  of  thermal  equilibrium  with  the  medium.  It  is 
then  called  a  "thermalized  electron"  and  may  be  either 
quasifree  or  localized. 

Electron  localization  in  a  polar  liquid  is  due 
to  a  coulombic  potential  well  created  by  several 
suitably  oriented  dipoles  (1,2).  Localization  in  a 
nonpolar  liquid  such  as  n-hexane  (3)  is  presumably 
related  to  the  anisotropic  polarizability  of  the  mole¬ 
cules. 
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Two  states  of  localized  electrons,  in  addition  to 
that  of  direct  binding  to  individual  molecules,  can  be 
distinguished:  the  trapped  state  and  the  solvated  state. 

In  reaction  [i],  a  bound  electron  is  liberated  and 
set  in  motion  away  from  the  simultaneously  produced  posi¬ 
tive  ion  (parent  ion).  As  it  travels  further  from  the 
parent  ion,  it  may  generate  tertiary  electrons  and  so  on. 

The  energetic  electron  loses  energy  by  ionizing  as  well  as 
by  exciting  the  medium  and  by  suffering  electrostatic  repul¬ 
sion.  Thus  the  electron  passes  over  a  series  of  potential 
energy  barriers  and  loses  kinetic  energy  by  interactions 
with  the  molecules,  until  finally  it  cannot  get  over 
the  next  potential  barrier.  At  this  point,  it  is  in  a 
region  of  relatively  low  potential  energy,  that  is,  in 
an  interstitial  position,  and  it  is  trapped  there  by 
short  range  repulsive  forces. 

Using  the  particle  model  of  an  electron,  the 
amount  of  space  occupied  by  the  trapped  electron  must 
be  sufficiently  large  that  the  electron  zero-point 
energy  (4)  is  less  than  the  potential  energy  of  the 
barrier.  On  the  basis  of  the  charge-cloud  model  of 
an  electron,  the  trapped  electron  can  be  considered  to 
have  most  of  its  charge  located  in  a  central  cavity 
with  some  of  the  cloud  penetrating  into  adjacent  inter¬ 
stitial  holes  that  are  connected  to  the  central  cavity. 
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Just  before  an  electron  is  trapped,  its  kinetic 
energy,  in  regions  of  low  potential  energy,  has  probably 
been  reduced  to  1  eV  or  less.  Since  electronic  polariza¬ 
tion  of  molecules  occurs  in  less  than  10  ^ sec,  the 
trapped  electron  immediately  finds  itself  in  an  electroni¬ 
cally  polarized  cavity.  The  potential  well  of  this 
cavity  deepens  as  the  various  types  of  polarization  of 
the  medium  occur.  There  is  a  balance  between  the  tend¬ 
ency  of  the  internal  pressure  of  the  liquid  to  localize 
the  electron  in  a  small  volume  and  the  zero-point  energy 
requirement  which  tends  to  enlarge  the  volume  occupied 

by  the  electron.  The  trapped  electron  is  transformed 

‘  -12 
into  a  solvated  electron  over  a  period  of  about  10  sec 

-12 

in  liquid  that  has  a  dielectric  relaxation  time  of  10 
sec.  The  main  difference  between  the  depths  of  the 
potential  wells  of  solvated  electrons  in  polar  and  non¬ 
polar  liquids  is  caused  by  the  difference  in  orientation 
polarization. 

Blue  solutions  of  alkali  metals  in  liquid  ammonia 
were  first  prepared  in  1863  (5),  but  it  was  not  until 

1922  that  it  was  demonstrated  that  they  contained 
solvated  electrons  (6,7).  Later,  solvated  electrons 
were  also  formed  by  dissolving  alkali  metals  in  certain 
amines  (8),  ethers  (9),  alcohols  (10,11),  and  ice  (10). 

The  solvated  electrons  can  be  identified  by  means  of 
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their  optical  absorption  spectra. 

The  absorption  spectrum  of  solvated  electrons  in 
liquid  ammonia  has  a  very  broad  and  unstructured  ab¬ 
sorption  peak  (11).  The  absorption  spectra  of  solvated 
electrons  in  other  solvents  are  very  similar  to  this, 
but  the  wavelength  of  the  absorption  maximum  shifts 
from  one  solvent  to  another  (12).  The  optical  absorp¬ 
tion  spectra  have  been  used  to  identify  the  formation 
of  solvated  electrons  in  the  radiolysis  of  water  (13), 
alcohols  (14),  and  even  in  ethers  (15)  and  hydrocar¬ 
bons  (16,17).  The  "effective  radius"  of  a  solvated 
electron  can  be  estimated  according  to  its  optical  ab¬ 
sorption  energy  (1,18). 

The  thermodynamic  data  for  solvated  electrons 
are  not  known  very  accurately.  They  can  therefore  be 
used  only  with  certain  reservations  for  further  calcu¬ 
lations  (19).  Nevertheless,  the  standard  potential 
(20),  the  solvation  energy  (18)  and  entropy  (18)  of 
solvated  electrons  in  water  have  been  estimated. 

Data  on  the  mobility  of  solvated  electrons  can 
be  obtained  from  conductivity  studies  of  their  solu¬ 
tions  (21,22).  The  mobilities  of  solvated  electrons 
in  water  (23)  and  in  liquid  ammonia  (24)  are  three  to 
five  times  higher  than  those  of  normal  ions  (e.g., 

Na+  (24,25)  and  Cl  (25,26).  However,  the  mobility 
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of  electrons  solvated  in  water  is  smaller  than  that  of 
H+  (25).  In  nonpolar  liquids,  the  mobilities  depend 
strongly  on  the  structure  of  the  molecules  (27-31). 

The  solvated  electron  is  paramagnetic  in  nature. 
This  can  be  confirmed  by  ESR  (32)  and  ortho-para  hyd¬ 
rogen  conversion  (19,33)  measurements. 

Solvated  electrons  have  a  strongly  negative  redox 
potential  (20).  They  can  react  with  many  substances 
such  as  : 

(1)  liquid  water  (34)  or  alcohols  (35); 

(2)  simple  neutral  molecules  of  oxygen  (36),  iodine 
(37),  carbon  monoxide  and  carbon  dioxide  (38), 
nitrous  oxide  and  nitrogen  oxide  (39),  hydrogen 
peroxide  (40),  and  tetranitrome thane  (41); 

(3)  cations  of  metal  ions,  e.g.,  silver  I  (36,39), 
cadmium  II  (36,42),  copper  II  (36,40),  lanthanum 
HI  07); 

(4)  anions  of  oxo  metals,  e.g.,  permanganate  and 
dichromate  (37),  as  well  as  the  oxo  anions  of 
nitrogen,  nitrous  ion  (37),  of  bromine,  bromate 
(42),  of  chlorine,  chlorate  (37); 

(5)  aliphatic  compounds  of  olefins,  aldehydes,  and 
ketones  (38,  39,  42,  43),  and  of  halogenated 
hydrocarbons  and  fatty  acids  (except  fluorinated 


compounds)  (44); 
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(6)  aromatic  compounds  of  benzene,  aniline,  napthal- 
ene,  anthracene,  biphenyl,  and  terphenyl  (43-46); 

(7)  heterocyclic  compounds  of  pyridine,  uracil,  thy¬ 
mine  and  adenosine  (43). 

The  two  physical  properties  that  have  been  useful 
in  giving  information  about  the  behavior  of  solvated 
electrons  have  been  the  optical  absorption  spectrum  and 
the  mobility.  The  values  of  these  two  properties  are 
understood  qualitatively,  but  their  variations  with 
molecular  structure  have  not  yet  been  completely  ex¬ 
plained  (31,47). 

B.  HISTORICAL 

1 .  _ Solvated  Electrons  in  Pure  Liquids 

It  is  about  sixty  years  since  Kraus  (48)  sug¬ 
gested  that  solvated  electrons  were  produced  when 
alkali  metals  were  dissolved  in  liquid  ammonia,  and 
it  is  nearly  twenty  years  since  Stein  (49)  and  Platzman 
(50)  postulated  that  solvated  electrons  were  formed 
when  water  is  subjected  to  ionizing  radiation.  In 
1962  the  optical  absorption  spectrum  of  solvated 
electrons  in  irradiated  water  was  first  observed  by 
Hart  and  Boag  (13,51). 

The  spectrum  of  the  solvated  electron  in  water 
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(13,51-58),  as  well  as  in  ammonia  (59-83),  aliphatic 
alcohols  (10,14,84-110),  amines  (12,69,72,98,99,  105, 
111-119),  ethers  (12,15,17,69,98,99,113,120-127),  ali¬ 
phatic  hydrocarbons  (98,122,128-148),  and  other  organic 
liquids  (69,111,149-155),  has  since  then  been  investi¬ 
gated  very  extensively. 

At  room  temperature,  the  absorption  spectrum  of 
the  solvated  electron  in  these  compounds  has  several 
features  in  common: 

(i)  it  has  a  single,  broad,  structureless  band; 

(ii)  the  plot  of  absorbance  vs  wavelength  is  bell¬ 
shaped  ; 

(iii)  the  plot  of  absorbance  vs  photon  energy  (eV) 
shows  an  asymmetric  shape  which  is  skewed  to¬ 
ward  high  energy. 

The  behavior  of  the  absorption  maximum,  E  (eV), 

xiUla  X 

and  of  the  band  width  at  half  the  absorption  maximum, 

\i1  (eV),  in  different  solvents  is  as  follows. 

'Z 

In  all  the  solvents,  E,  decreases  with  increas- 

Amax 

ing  temperature.  For  water,  the  temperature  coefficient 
is  from  3.0  to  2.4  meV/K  (53,52),  whereas  the  co¬ 
efficient  for  ammonia  is  between  2.7  and  1.4  meV/K 
(67,81,82),  depending  on  the  temperature  range  of  the 
study.  In  alcohols  (105),  amines  (69)  and  ethers 
(125)  the  coefficient  differs  for  particular  compounds 
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in  each  category. 

The  behavior  of  Wj  is  much  more  variable.  Wa  in- 
creases  slightly  with  increasing  temperature  in  water 
(52-54)  and  liquid  propane  (144).  It  decreases 
slightly  in  ethers  (17,18).  In  alcohols  (95,105)  and 
amines  (114),  W2  behaves  differently  depending  on  the 

-z 

particular  compound.  The  temperature  coefficient  in 
almost  all  cases  is  less  than  1.0  meV/K,  although  for 
2-me thy 1-n-amy lamine  (2-MAA) ,  it  is  as  high  as  3.4 
meV/K  (114).  The  asymmetry  of  the  absorption  spectrum 
decreases  with  increasing  temperature. 

At  constant  temperature,  for  organic  solvents, 

the  value  of  E  depends  upon: 

Amax 

(i)  type  of  alkyl  group,  e.g.,  1.65  for  cyclohexanol 
and  1.83  for  n-hexanol  (91,97),  1.94  for  n- 
butanol  (85,86),  1.67  for  ^-butanol  (91)  and 

1.08  for  t~butanol  (84,85,89,91,97);  1.29  for 
2-me thy 1-1-propylamine  (98)  and  1.08  for  1- 
methyl-l-pr opylamine  (98,114);  1.76  for  ethanol 
(14,84,86,91,93,104,106,108),  1.93  for  n-propanol 
(84,85),  1.94  for  n-butanol  (85,86),  1.97  for 
methanol  (14,84,86,87,91,92,97,104,108);  and 
0.91  for  3-methyl-3-pentanol  (91,97)  and  0.82 
for  3-ethyl-3-pentanol  (91); 


. 

■ 
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(ii)  number  of  alkyl  groups  attached  to  the  functional 
group,  e.g.,  1.76  for  ethanol  (14,84,86,91,93,97, 
104,106,108),  0.59  for  diethylether  (17,69)  and 
1.29  for  isobu tylamine  (98),  0.83  for  diisopropyl 
amine  (98,114),  and  0.74  for  tripropylamine  (114); 

(iii)  number  of  functional  groups,  e.g.,  1.93,  2.17  and 
2.31  for  1-propanol,  1,2-propanediol  and  1,2,3- 
propanetr iol ,  respectively  (84,85);  0.69  for 
ethylamine  (69,111,117)  and  0.94  for  ethylenedi- 
amine  (69,72,95) . 

Differences  in  E.  and  in  W,  are  observed  for 

Amax  \ 

electrons  in  liquids  of  contrasting  polarity.  Electrons 
in  polar  solvents  such  as  ammonia,  water,  and  alcohols 
show  an  absorption  maximum  in  the  visible  to  near  in¬ 
frared  region.  In  non-polar  solvents  such  as  aliphatic 
hydrocarbons,  the  maximum  is  in  the  infrared  region. 
Weakly  polar  solvents,  for  instance  ethers  and  amines, 
yield  a  maximum  in  between  those  for  polar  and  non¬ 
polar  solvents.  In  addition,  there  is  an  overlap  in 
the  region  of  absorption  maxima  of  polar  and  weak- 
polar  compounds  as  well  as  of  non-polar  and  weak- 
polar  compounds.  For  organic  compounds,  the  overlap 
is  due  either  to  the  type  of  alkyl  group  in  the  carbon 
chain  skelton  or  to  the  number  of  alkyl  groups  attached 


' 
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to  the  functional  group  and  to  the  number  of  functional 
groups  contained  in  the  compound.  Hence  it  is  due  either 
to  the  steric  effects  or  to  the  inductive  effects  and  to 
the  over-all  effects  of  these  two.  W.  tends  to  be  nar- 
rower  with  increasing  polarity  of  the  compounds  with  the 
same  category. 

2 . _ Solvated  Electrons  in  Binary  Mixtures 

The  nature  of  the  absorption  spectrum  of  solvated 
electrons  in  binary  liquids  and  the  dependence  of  ab¬ 
sorption  maximum  upon  the  composition  of  such  systems 
are  now  known  for  a  variety  of  compounds  (12,17,72,91, 
97,105,112,120,122,152,156-175). 

At  room  temperature,  the  absorption  spectum  in  a 
binary  system  exhibits  a  single  absorption  band  with 
a  maximum  that  is  intermediate  to  the  maxima  in  the 

pure  components.  The  value  of  E.  varies  continu- 

Amax 

ously  with  composition  between  the  two  limits.  The 

composition  dependence  of  E.  and  of  W.  exhibits  a 

r  r  Amax  \ 

very  broad  range  of  behavior  which  is  due  primarily 
to  the  molecular  structure  and  polarity  of  the  compon¬ 
ents  and  to  the  molecular  interaction  of  the  two 
component  s . 

At  temperatures  low  enough,  some  of  these  binary 
mixtures  become  glassy  in  nature.  In  this  glassy  state, 
the  absorption  spectrum  of  the  solvated  electron  shows 


- 


.. 
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either  one  or  two  peaks  depending  upon  the  polarity  of 
the  components.  For  components  of  similar  polarity, 
the  spectrum  behaves  as  for  mixtures  at  room  tempera¬ 
ture.  When  the  components  have  different  polarity,  the 
spectrum  possesses  two  peaks,  similar  to  those  in  the 
pure  components. 

The  behavior  of  E.  as  a  function  of  composition 

Amax 

in  these  studies  is  as  follows. 

(i)  For  mixtures  of  two  strongly  polar  liquids  A  and 
B,  and  of  a  strongly  polar  with  a  moderately  or 
weakly  polar  liquid,  three  patterns  have  been 
observed : 

(a)  E  increases  in  an  S-shaped  manner  from 

A  HI  3.  X 

0  to  100  mol  %  B,  as  in  e thy lenediamine  (EDA)/ 
water  (72),  ammonia/water  (12,72,156),  triethyl- 
amine  (TEA) /ethanol ,  1 , 2-propanediamine  (1,2- 

PDA)/TEA;  s  ec-bu  ty  lamine  (s^-BuA) /  ethanol  and 
diisopropylamine  (DIPA) /ethanol  (168); 

(b)  E,  increases  or  decreases  up  to  a  cer- 

Amax 

tain  point,  then  changes  very  little  to  pure  B, 
as  in  methanol/water  and  2-propanol/water  (105), 
te tr ahydro f uran  (THF)/water  (12,17,112),  hexa- 
me thy lphosphor ic  triamide  (HMPTA)/EDA  (152,175), 
dioxane/water  and  HMPTA/water  (159); 
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(c)  E  changes  almost  linearly,  as  in  methanol/ 

Amdx 

2-propanol  (105)  and  THF/EDA  (12).  Besides,  the 
degradation  of  (b)  and  (c)  has  been  observed  in 
dimethylsulf oxide  (DMSO) /water  (160),  diethyl- 
ether  (DEE)/EDA  and  2-methylte trahydrof uran  (MTHF)/ 
EDA  (17). 

(ii)  For  mixtures  of  two  moderately  or  weakly  polar 
liquids  and  of  a  nonpolar  liquid  with  a  polar 
liquid,  pattern  (i)-(b)  has  been  observed  in  3- 
me  thylpentane  (  3-MP  ) /me  thano  1  (17),  s^-BuA/TEA, 

MTHF  /TEA ,  3-MP/s^-BuA,  and  3-MP  /MTHF  (168). 

Wj  behaves  similarly  to  E  in  most  cases. 

^  Ama  x 

C.  THEORY 

In  this  section,  an  outline  will  be  given  of  a 

number  of  models  commonly  used  in  the  treatment  of 

E.  and  W.  as  well  as  the  temperature  coefficient  of 

Amax 

these  two.  The  common  basis  of  formulation  for  each 
model  will  be  described  briefly  first. 

The  general  form  of  the  Hamiltonian,  H^ ,  for  the 
system  consisting  of  a  dielectric  medium  and  an  excess 
electron  can  be  expressed  as  (1,176) 


, 
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H  =  T  +  H  +  T  + 
T  n  m  e 


Z  Vei  +  Z 


en 


[1] 


n 


T  is  the  kinetic  energy  of  the  nuclei.  H  represents 
n  m 

the  Hamiltonian  of  the  medium  in  the  absence  of  the 
excess  electron  at  fixed  nuclear  configuration. 


-h' 


H  = 
m 


Z  vj.-z-^ 


Z  Z  e' 


+ 


8  it  m  -?  i  I  r .  -  r  I  A--*  I  r  -  r 

n,i'i  n1  n<m  1  n  m 


'SZ'  n  m 
I  ■**  - 


z 


[2] 


.  .  .  r  .  -  r  . 

i<j  1  i  j 


where  h  is  Planck’s  constant,  m  is  the  mass  of  electron, 
2 

V  is  the  Laplacian  operator,  r_^  and  r^  represent  the 

coordinates  of  the  medium  electrons,  r  and  r  are  the 

n  m 

coordinates  of  the  medium  of  the  charges  Z  and  Z  . 

n  m 

is  the  kinetic  energy  of  the  excess  electron,  the 
coordinates  of  the  electron  being  represented  by  r^. 


T 

e 


8tt  m 


[3] 


v  .  and  v  represent  the  interaction  energies  between 
ei  en 

the  excess  electron  and  a  medium  electron  i  or  a  med¬ 
ium  nucleus  n;  thus 


v  . 
ei 


v 

en 


-Z  e 
n 
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The  Hamiltonian  of  the  medium,  H  ,  is  then  given 

m 


by 


H'  =  H  +  V'  v  .  +  v  [6] 

m  m  /  j  ei  /  -J  en 


i  n 

and  consists  of  the  unperturbed  energy  and  the  energy 
part  due  to  interaction. 

Thus ,  setting 


H_  =  T  +  H '  +  T  =  T  +  H  ’ 

T  n  men 


[7] 


the  total  energy,  ,  of  the  system  can  be  obtained 
from  the  equation 


HT|N,e>  =  ET|N,e> 


[8] 


where  |N,e>  is  short  hand  for  the  eigenfunction  of 
this  system.  By  applying  the  Born-Oppenheimer  approx¬ 
imation  (177),  this  eigenfunction  can  be  separated 


in  the  form 


|N,  e>  =  | N> | e> 


[9] 


where  N>  is  the  nuclear  part  of  the  wave  function. 


and  | e>  is  the  electronic  part  of  the  wave  function 
and  depends  on  the  nuclear  coordinates,  r^,  as  para¬ 
meters.  The  electronic  part  can  be  obtained  from  the 
equation 


H'  I  e>  =  E  (r  ) I e> 
1  e  n  1 


[10] 


while  the  total  energy  of  the  system  can  be  obtained 
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from  the  expression 


(Tn  +  Ee(rn)  -  Et) |N>  =  0  [11] 

For  simplicity,  it  is  convenient  to  consider  the 
limiting  case  of  infinitely  heavy  nuclei,  when  nuclear 
vibrations  can  be  neglected.  The  total  energy  of  the 
system  can  then  be  obtained  from  the  condition 

8E  (r  ) 

- - - —  =  0  for  all  r  [12] 

9r  n 

n 

Since  equation  [10]  can  not  be  accurately  solved, 
approximate  treatments  of  the  electronic  wave  function 
must  be  applied  by  using  either  the  adiabatic  or  the 
independent-particle  self-c ons is t ent- f ield  (SCF) 
approach . 

In  the  adiabatic  scheme,  the  medium  electrons  are 
assumed  to  be  affected  by  a  potential  of  a  fixed  point 
charge,  excess  electron,  that  is  considered  to  be 
temporarily  at  rest.  Thus,  the  electronic  wave  function, 
|e>,  can  be  formulated  in  the  form 


[13] 


e  >  is  the  wave  function  of  the  medium  electrons  and 
m 


depends  parametrically  on  the  position  r^  of  the  excess 


electron . 
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e  >  is  the  wave  function  of  the  excess  electron.  The 
a 

e  >  can  then  be  obtained  from 
m 


H  I  e  > 
m  1  m 


e  (r  ,  r  )  j  e  > 
e  e  n  1  m 


[14] 


The  total  energy  of  fixed  nuclear  configuration  will  be 
obtained  from 


[T  +  e  (r  ,  r  )  ]  |  e  >  =  E  (r  )|e  > 
e  een'a  e  n  1  a 


along  with  equation  [12]. 


Let  E  (r  ,r  )  =  U  +  U(P  ,P  ,E  ), 
e  e  n  o  e  D  c 


[15] 


[16] 


be  the  unperturbed  energy  of  the  unpo]arized  medium, 

Ec  be  the  field  produced  in  vacuum  by  the  point  sources  at 

r  ,  P  be  the  electronic  component  of  the  polarization, 
e  e 

P^  be  the  permanent  polarization,  and  U  represent  the 
polarization  energy  of  the  medium.  Then  the  total 
energy  of  the  system  can  be  obtained  from 


E 


T 


E 

e 


<  e  I  T 
a  1  e 


+ 


[17] 


For  the  independent-particle  approximation,  the 
medium  electrons  are  considered  to  be  affected  by  only 
the  mean  charge  distribution  of  the  excess  electron. 
Thus,  the  electronic  wave  function,  |e>,  can  be  formu¬ 
lated  as 

|e>=|e,>|e>  [18] 

1  1  m  1  a 
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e’  >  is  the  wave  function  of  the  medium  electrons  and 
1  m 

does  not  depend  parametrically  on  the  position  r  of  the 

e 

excess  electron.  The  electronic  energy  will  be  repre¬ 
sented  in  the  form 


E 

e 


<e  ’  <e  I  H  '  e  ’  >je  > 
m 1  a  1  1  m  '  a 


[19] 


and  the  total  energy  of  the  system  can  be  obtained  from 


e  n 


m  m 


=  <e 

|  T  | 

e  > 

+  <e’  I  H 1  1 e ’  > 

[20] 

a  1 

1  e  1 

1  a 

m 1  m 1  m 

+  <e  j 
a 

iy>ei 

+  V  v  1  e  > 

/  j  en 1  a 

[21] 

n 


H'  is  determined  by  the  average  charge  distribution  of 
m 

the  excess  electron. 

It  is  assumed  that  the  s  spin  orbitals  of  the 
medium  electrons  can  be  represented  by  the  appropriate 
SCF  wave  function.  Hence,  the  total  energy  of  the 
system  can  be  obtained  from 


E 


T 


Ee(r  ) 
e  n 


<e  I T 
a  1  e 


e  >  +  U(P 
a  e 


E  )  +  U 
c  o 


[22] 


where  U  represents  the  polarization  energy  of  the  di¬ 
electric  medium  by  the  mean  charge  distribution 
2 

e  I  <e  e  >  ,  of  the  excess  electron. 

1  a  1  a  1 

The  basic  difference  between  these  two  approaches 
arises  from  the  fact  that,  in  the  SCF  scheme,  the 
electronic  polarization  does  contribute  to  the  binding 
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energy  of  the  electron. 

It  can  be  seen  that  the  main  task  is  how  to  formu¬ 
late  TJ,  U  and  V(r)  and  to  construct  I  e  >.  This  differs  from 
o  1  a 

one  model  to  another.  Once  this  has  been  accomplished, 
the  ground  state  and  excited  state  electronic  energy  of 
the  solvated  electron  can  then  be  obtained  as 

E^(n£)  =  <n£ | H | n£> / <n£ | n£>  [23] 

where 

h2  9 

H  =  - y~  +  V  (r )  [24] 

8tt  m 

and  n  and  £  refer  to  the  quantum  numbers  of  the  elect¬ 
ronic  state.  The  E,  and  hence  its  temperature  co- 

Amax 

efficient  can  then  be  obtained  from 

EAmax  "  Ee<2»)  *  Ee(ls)  [25] 

The  Wig  and  its  temperature  coefficient  are  treated 
qualitatively  within  the  constraints  of  each  model,  or 
treated  separately. 

1 . _ The  Polaron  Model 

Landau  (178)  proposed  that  an  excess  electron 
can  be  trapped  by  polarization  of  the  dielectric  medium 
caused  by  the  electron  itself.  This  idea  was  mathemati¬ 
cally  formulated  in  the  work  of  Pekar  (179),  who  used 
the  term  "polaron"  for  the  state  of  an  electron 
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bound  by  the  polarized  medium.  Davydov  (180)  and  Deigen 
(181)  applied  this  to  electrons  trapped  in  ionic  lattices 
The  electron  is  treated  as  free  except  for  its  interac¬ 
tion  with  the  medium.  If  r  is  the  distance  from  the  trap 
ping  site,  then  the  potential  energy,  V(r),  resulting 
from  this  interaction  is 

V(r)  =  -De2/r  [26] 

D  =  l/Dop  -  1/Dst  [27] 

DQp  is  the  optical  (high  frequency)  dielectric  constant. 

D  is  the  static  (low  frequency)  dielectric  constant. 

Considering  V(r)  invariant  under  transition, 

Davydov  and  Deigen  derived  an  equation  for  E  (eV) 

Am  3.  X 

of  the  solvated  electrons  in  ammonia  as 

EAmax  =  E(2p)  "  E(1S)  =  1,93  D 2 (m* t28] 

E(ls)  is  the  energy  of  the  electron  in  the  ground  state. 
E(2p)  is  the  energy  of  the  electron  in  the  excited  state. 

■k  * 

m  /m  is  the  ratio  of  the  effective  mass,  m  ,  of  the 

electron  in  the  liquid  to  its  mass,  m,  in  the  free  state, 

and  is  an  unknown  parameter. 

Jortner  (1),  taking  the  electronic  polarization 

into  consideration,  revised  equation  [28]  as 

Ea  =  [1.93  D2  +  1.37  D ( 1  -  1/D  )](m*/m) 

Amax  op 


[29] 
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The  correlation  of  E.  with  this  model  has  been  carried 

Amax 

•k 

out  by  Dorfman  and  coworkers  (14,108)  using  m  /m  =  3.6. 
The  agreement  is  quite  good  for  methanol,  ethanol,  1- 
propanol,  and  2-propanol,  but  is  poor  for  water  and 
ammonia . 

Mukhomorov  et  al.  (182-184),  taking  into  account 

fluctuation  in  the  orientational  polarization  of  the 

medium  and  using  the  effective  mass  method,  formulated 
* 


m  as  a  function  of  temperature  as  follows 


=  -4b 

3  o 


[30] 


where  8q  is  the  thermodynamic  expansion  coefficient  of 


the  medium.  Thus,  equation  [28]  is  then  revised  as 


E  =  D  (m*/m) (0. 805  + 1.138  D  /D  )  [31] 

Am3X  i  z  l 

with  D=  1  -  1/D  and  D  =  1/n2  -  1/D 

1  st  2  st 

where  n  is  the  refractive  index  of  the  medium.  They 
also  derived  the  dispersion  of  the  optical  spectral 
band  as 

W  2  =  2.69  x  10-3  T  D  2m*/m[l  +  1.2(D0/D1)2] 

d  z  z  ± 

[32] 

and 

\  -  <Hd2)  1331 
Thus,  the  effect  of  temperature  on  the  and 
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can  be  quantitatively  estimated  from  equations  [31]  arid 
[32].  A  satisfactory  agreement  between  calculated  and 
observed  is  obtained  for  water  (55,  185),  ammonia  (78, 
186,187),  and  methanol  (185,186). 

Bush  and  Funabashi  (188)  have  proposed  two  types  of 
traps  based  on  small-polaron  formation  (189)  to  account 
for  studies  of  solvated  electrons  in  alcohol  aggregates 
at  low  temperature.  They  assumed  that  the  alkane  region 
forms  relatively  shallow  traps,  and  the  OH  region  forms 
deeper  ones.  They  also  assumed  that  there  are  inhomo¬ 
geneities  within  each  region,  so  that,  for  instance,  the 
depth  of  a  trap  at  the  end  of  an  OH  chain  will  be  differ¬ 
ent  from  the  depth  of  a  trap  at  the  center  of  a  chain. 
Sophisticated  equations  have  been  formulated  to  simulate 
the  shape  of  the  absorption  spectra  of  solvated  elect¬ 
rons.  The  calculated  and  observed  curves  (92)  are  in 
good  agreement  for  both  and  ,  but  not  the  shape. 

Borisenko  and  Vannikov  (190)  applied  this  alterna¬ 
tive  two  traps  model  to  solvated  electrons  in  the  glassy 
state  of  2-propanol.  The  generated  curve  fits  the 
experimental  one  satisfactorily. 

2.  The  Cavity  Model 

0 g g  (7)  proposed  that  the  excess  electrons  in  liquid 
ammonia  are  self-trapped  in  physical  cavities  created  in 
the  solvent  medium.  The  potential  energy  is  considered 
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to  be  independent  of  surface  tension  and  to  be  a  sym¬ 
metrical  distribution  in  a  spherical  cavity  of  radius 

r  ,  as 
o 

12  2 

-Ze/2r  ,  r<r 

o  —  o 

[31] 

0  ,  r  >  r 

o 

where  r  is  the  distance  away  from  the  cavity  center. 
The  total  energy,  E^,  is  found  to  be 

E  =  h2/8mr  2  -  e2/2r  [35] 

too 

This  simple  treatment  leads  to  a  serious  overestimate 
of  the  cavity  radius.  This  has  been  refined  by 
Lipscomb  (191)  taking  into  consideration  the  surface 
tension,  electros triction ,  and  the  electronic  polariza 
tion  of  the  molecules  on  the  cavity  surface,  i.e., 

E  =  h2/8mr  2  -  0.69  e2/r  +  4iTr2y  [36] 

t  o  o  o 

where  y  is  the  surface  tension.  In  order  to  have  a 
good  agreement  with  observed  values  of  and  r^, 

there  is  a  difficulty  to  choose  the  proper  y  without 
losing  the  stability  of  the  cavity. 

This  difficulty  has  been  further  eliminated  by 
Stairs  (192),  who  made  a  better  estimate  of  the  wave 
functions  using  a  graphical  integration  method. 

Symons  and  coworkers  (193-196)  assumed  that  the 


. 
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electron  moves  in  a  discrete  cen  tro.symme  tr  ical  orbit 
with  a  square-well  potential  of 


10  ,  r  <  r 

—  o 

00  ,  r  >  r 


[37] 


The  optical  transition  is  considered  to  be  of  the  2p  Is 
type,  under  invariance  of  potential  energy.  The  transi¬ 
tion  is  thus  determined  solely  by  the  kinetic  energy  of 
the  electron  in  the  ground  state.  Therefore, 


2  2 

E.  =  h  /8mr 

Amax  o 


[38] 


This  model  can  provide  a  qualitative  explanation  of  the 
observed  shape  of  the  solvated  electron  absorption  spect¬ 
rum,  as  well  as  the  temperature  dependence  of  E  and 

Aina  x 

.  The  spectrum  is  considered  to  be  an  envelope  re¬ 
sulting  from  many  independent  optical  transitions  of 
electrons  in  cavities  of  different  sizes.  This  vari¬ 
ability  determines  the  broadness  of  the  spectrum.  The 
asymmetry  of  the  spectrum  is  then  due  to  the  lower 
probability  of  transitions  to  higher  excited  states. 

The  behavior  of  E,  as  a  function  of  temperature  can 

be  interpreted  as  resulting  from  the  contracting  of 
the  cavity  with  decreasing  temperature,  i.e.,  dr^/dT  > 

0.  Therefore,  dE  /dT  <  0.  The  temperature  depend- 

Am  3.  x 

ence  of  Wj  is  considered  to  be  due  to  the  breathing 
^2 
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vibration  of  the  cavity  with  changing  temperature. 

Ishimura,  et  al.,  (197)  refined  the  cavity  model 
by  considering  that  the  cavity  is  formed  by  four  or  six 
solvent  molecules,  and  by  using  the  unrestricted  open 
shell  treatment  (198)  based  on  the  intermediate  neglect 
of  differential  overlap  (INDO)  approximation  (199  to 
investigate  the  solvated  electron  in  water,  ammonia, 
and  hydrogen  fluoride.  The  calculated  values  of  E 

AUlaX 

for  water  and  ammonia  are  reasonably  in  agreement  with 
observed  values  (74,200). 

Recently,  the  cavity  model  has  been  modified  by 
Banerjee  and  Simons  (147)  using  the  Fourier  transform 
of  the  time^correlat ion  function  (201)  of  the  electronic 
dipole  moment  to  formulate  the  absorption  band  shape 
function.  The  time  dependence  appearing  in  the  dipole 
correlation  function  is  described  in  terms  of  both  excess 
electronic  motion  and  solvent  molecule  motion.  The 
absorption  band  shape  function  is  expressed  in  terms  of 
solvent  structure  information  and  the  electron-solvent 
interaction  potential.  The  generated  band  shape  for 
ethanol  is  in  good  agreement  with  the  experimental 
spectrum  (92),  with  respect  to  E  ,  and  skewedness. 

ADIS  X  ^2 

For  anthracene  glass  (148),  the  agreement  is  good  for 


E  and  skewedness,  but  is  poor  for  Wj  . 

A.  in  3.  x 
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3  . _ The  Continuum  Model 

In  Jortner's  (202)  original  work  on  electrons  in 
ammonia,  he  modified  Landau’s  potential  to  allow  for  a 
cavity  of  radius  r  ,  by  solely  considering  the  permanent 
polarization  of  the  medium. 


V  (r  ) 


-De  2 / r 
-De2/ro 


r  >  r 

o 

[39] 


r  <  r 
—  o 


The  electron  energy  in  this  potential  field  can  be 
obtained  by 

Ee(n£)  =  <n£  |  (-h2/8TT2m)  V2  +  V(r)|n£>  [40] 

The  Et  can  be  calculated  from 

Amax 

8A.a  =  EeW  '  Ee(ls)  [41! 

considering  rQ  as  an  adjustable  parameter.  The  ^E^  x/ 
dT  can  then  be  obtained  by 


dEA  /dT  =  C- dD/dT  +  C0dr  /dT  [42] 

Amax  1  2  o 

where  and  are  constants,  and  differ  from  one  system 

to  another.  Agreement  between  the  calculated  and  obser¬ 
ved  values  of  E,  and  of  dEA  /dT  can  be  achieved  for 

Amax  Amax 

ammonia  (202),  but  not  for  water  (203)  and  alcohols 
(105)  . 

In  the  case  of  water,  Jortner  (176)  proposed  an  alter- 
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native  approach  by  treating  the  excess  electron  and  the 
medium  electrons  on  an  equal  basis  and  by  considering 
the  electronic  polarization  to  be  contributing  to 
potential  formation.  The  potential  energy  then  becomes 

,  r  >  r 


V  (r  )  = 


/  e  (1  -  1/Dst)f(r) 


e(l-l/D  )£(r  ) 


[43] 


r  <  r 
—  o 


2  2 

where  V  (r)  =  47Te  |  <n&  |  n>  |  ,  since  f^^(r)  is  the 

electrostatic  potential  due  to  the  average  charge  distri- 
bution,  e | <n£ | n&> |  .  Again,  r^  is  considered  to  be  an 

adjustable  parameter.  An  agreement  between  the  calcu¬ 
lated  and  observed  values  of  E,  and  dE,  /dT  can  be 

Amax  Amax 

achieved  for  water,  when  r  =0.  However,  this  is  not 
realistic  (204-206). 

This  model  has  been  modified  by  Iguchi  (207,208) 
and  by  Fueki  (209).  Iguchi  took  into  account  the  tem¬ 
perature  variation  of  the  dipole  moment  and  volume 
expansion  of  the  liquid,  as  well  as  the  dipole-dipole 

interaction.  The  results  of  E.  and  dE.  /dT  are 

Amax  Amax 

in  good  agreement  with  the  observed  values  for  alcohols 

(105).  Fueki  considered  the  dielectric  saturation 

effect  in  the  vicinity  of  the  cavity  and  treated  the 

microscopic  dielectric  constant  as  a  simple  explicit 

function  of  distance.  The  result  of  E.  is  3.10  for 

Amax 

water,  while  the  experimental  is  1.73  (55). 
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A  more  elaborate  version  of  the  continuum  model  has 
been  developed  by  Tachiya  et  al.  (210),  taking  the  ori¬ 
entational  polarization  as  not  constant  but  distributed 
around  the  configuration  coordinate  under  which  the 
total  energy  for  the  ground  state  is  minimum.  For 

water,  the  calculated  E.  and  W,  are  in  relatively 

Amax  \  J 

good  agreement  with  experimental  values. 

The  validity  of  the  continuum  model  has  been  tested 
by  Carmichael  and  Webster  (211),  using  numerical  wave 
functions  for  a  solvated  electron  in  water  and  ammonia. 
The  results  indicate  that  the  SCF  approach,  for  the 
particular  case  of  rQ  =  0,  is  quite  unsuitable. 

The  continuum  model  has  been  modified  recently  by 
Funabashi,  et  al.  (212)  using  the  electron  transfer 
concept  (213,214),  in  which  the  solvated  electron  is 
assumed  to  be  coupled  with  both  the  low  frequency  solvent 
modes  and  a  high-frequency  molecular  mode,  representing 
the  long-  and  short-range  interaction  potentials  for 
the  electron.  The  generalized  line  shape  function  is 
then  formulated  in  order  to  simulate  the  absorption 
spectrum  of  the  solvated  electron  in  water.  The  simu¬ 
lated  spectrum  consists  of  contributions  from  short- 
distance  transfer  (bound-bound)  and  long-distance 
(bound-free)  transfers,  the  latter  being  the  minor 
component  of  the  total  spectrum.  The  generated 
spectrum  shape  agrees  quite  well  with  experimental 
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curves  (86)  with  respect  to 
skewednes s . 


E.  and  W,  but  not  for 

Amax 


4  . _ The  Semi-Continuum  Model 

This  model  is  based  on  the  idea  proposed  by  Land 
and  O'Reilly  (215,216),  in  which  a  few  molecules  are 
treated  as  a  discrete  solvation  layer  around  the  trapping 
site  and  the  medium  beyond  must  be  treated  as  a  continu¬ 
um.  A  model  developed  by  Fueki,  et  al.,  (FFK  Model) 

(217)  was  the  first  one  applying  this  idea  to  solvated 
electrons  in  water.  The  related  work  by  Copeland,  et 
al.,  (CKJ  Model)  (2)  was  for  solvated  electrons  in 
ammonia . 

In  both  models,  one  assumes  that  the  essential 
feature  of  the  molecule  in  the  first  coordination  layer 
is  its  dipole  moment.  Thus,  the  physical  ideas  for 
these  two  formulations  are  essentially  the  same,  but 
the  details  of  the  calculations,  as  well  as  some  of 
the  approximations,  are  different.  Essentially,  the 
CKJ  Model  treats  the  continuum  by  the  adiabatic  approx¬ 
imation,  while  the  FFK  Model  uses  the  better  SCF 
version . 

The  basic  coordinates  for  these  two  models  are 
given  in  Figure  1-1. 

The  radius  r^  is  the  void  radius  of  the  cavity. 

The  radius  r ,  is  the  distance  from  the  center  of  the 
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FIGURE  1-1 ♦  Definition  of  the  Distances  Involved 
in  the  Semi-Continuum  Model. 


OA; 

R  =  OB; 

rd  =  OC; 

OD  ; 

r  =  BC ; 
a 

r  =  CD 
s 
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cavity  to  the  center  of  the  molecule  (and  thus  to  the  di¬ 
pole),  while  rc  is  the  distance  from  the  center  of  the 
cavity  to  the  beginning  of  the  continuum  beyond  the  first 
layer.  The  r  is  the  effective  solvent  radius,  and  r 

S  3. 

is  the  effective  hard  core  of  the  molecules.  R  is  de¬ 
fined  as  r,  -  r  . 

d  a 

In  the  FFK  Model  (107,217,218-226),  the  solvated 
electron  is  considered  to  interact  with  a  number  N  of 
specifically  oriented  matrix  molecule  dipoles  in  the 
first  solvation  shell  by  short-range  attractive  and  re¬ 
pulsive  potentials  and  with  the  remainder  of  the  matrix 
molecules  beyond  the  first  solvation  shell  by  a  long- 
range  polarization  potential.  Thus,  the  potential  which 
traps  the  electron  is 

I-Ney/r  ^  -  Ne^a/2r +  Af(r,),  r  <  r, 
a  a  a  —  a 

[44] 

Af  (r)  +  V  ,  r  .  <  r 

o  d 

where  A  =  (e / 2 )  (1  “  1  /Dg t )  and  y  and  a  are  the  magnitudes 
of  the  dipole  moment  and  of  the  isotropic  polarizability, 
respectively . 

y  =  y  <cos0>  [ 45 ] 

o 

where  y^  is  the  magnitude  of  the  dipole  moment  in  the 
gas  phase,  0  is  the  angle  between  the  dipole  moment 
vector  and  the  line  joining  the  center  of  the  cavity 
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to  the  point  dipole  ,  and  <cos0>  represents  the  thermal 
average  of  cos  9  (2).  The  electrostatic  potential  f  is 
determined  from  Poisson's  equation  (203).  Vq  is  the 
quasifree  electron  energy.  It  is  taken  to  be  an  adjust¬ 
able  parameter,  and  is  chosen  so  that  the  calculated 

E.  fits  reasonably  well  with  the  observed  one. 

Amax 

The  total  energy,  E^(i),  of  the  excess  electron  in 
the  medium  is  then  given  by  the  sum  of  the  electronic 
energy,  E£(i),  of  the  electron  and  the  energy  necessary 
to  rearrange  the  medium,  E^(i),  because  of  its  inter¬ 
action  with  the  electron,  i.e., 

ET(i)  =  Ee(i)  +  EM(i)  [46] 

With  g 

E  (i)  =  E  (i)  +  E  S(i)  +  E  S(i)  +  E  (i)  [47] 

c  K  c  Q  6 

and  Eu(i)  =  E  S(i)  +  E  \i)  +  E  [48] 

M  m  m  st 


where  i  =  Is  for  ground  state;  i  =  2p  for  the  excited 
state.  E^  is  the  kinetic  energy  of  the  excess  electron. 

5 

E^  represents  the  energy  for  short-range  attractive 
interactions  of  the  excess  electron  with  point  dipoles, 

g 

while  E  represents  the  energy  for  short-range  repul- 

5, 

sion  with  electrons  of  the  medium.  E^  represents  the 

electronic  energy  part  of  long-range  polarization  inter- 

5, 

actions,  and  E^  represents  the  medium  rearrangement 


energy  portion.  E^  represents  the  short  range  medium 


rearrangement  energy  associated  with  dipole  orientation 
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and  is  a  dipole-dipole  repulsion  term.  E  represents  the 
energy  required  to  form  a  cavity  in  the  medium,  and  is 
the  surface  energy  term. 

In  this  FFK  Model,  the  hy d r o gen- 1 ike  wave  functions 
using  polar  coordinates 

|ls>  =  A  exp  (-ar)  [49] 

and 

| 2 p >  =  Br  exp  (-br)cos  0  [50] 


are  employed  as  eigenfunctions  of  the  ground  state  and 
of  the  excited  state  respectively,  where  A  and  B  are 
normalization  factors  and  a  and  b  are  adjustable  para¬ 
meters.  The  variational  procedure  is  applied  to  the 
wave  function  parameters  a  and  b  to  obtain  the  minimum 
energy  for  a  given  r^.  This  process  is  repeated  for 
various  r^  to  construct  configuration  coordinate  curves 
and  to  establish  configurational  stability.  Once  this 
stability  has  been  achieved,  the  E .  is  then  obtained 

from 


Ea  =  Em(2p)  -  E_  (Is) 
Amax  T  ^  '  p  T  '  p 


[51] 


whre  p  =  r °  is  the  value  of  r  at  the  configurational 
d  d 

minimum  of  the  ground  state. 

The  behavior  of  E,  as  a  function  of  temperature 

Amax  r 

is  considered  to  be  due  to  the  temperature  dependence 

of  D  ,  <cos0>,  V  ,  and  u.  The  calculated  values  of 

st’  ’o’ 

E.  and  dE,  / dT  are  in  reasonable  agreement  with 

Amax  Amax 
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the  observed  values,  e.g.,  methanol  and  ethanol  (95), 
1-propanol  (14,227),  and  water  (55). 

In  the  CKJ  Model  (2,  228-236),  the  physical  ideas 
and  mathematical  formulations  are  nearly  the  same  as 
in  the  FFK  Model,  except  for  the  following  differences 


(107) . 

(1)  The  potential  which  traps  the  excess  electron: 


V  (r  ) 


-Nye/r  2  -  3e2/r 
d  c 


0  <  r  <  R 


2  2 

-Nye/r  ,  -  3e  /r  +  V  ,  R  <  r  <  r  , 

d  c  os  d 


-3e  / r  +  V 

c  os 

-3e2/r  +  V 


[52] 


»  r 


,  <  r  <  r 
d  c 

<  r 


where  V  represents  an  effective  V  for  the  first  sol¬ 
os  o 


vation  shell  and  differs  from  V  . 

o 


(2)  The  EM(i): 


EM)  =  E  +  E  +  E  3  ( i )  +  E  £(i)  +  E„u  [53] 
M  st  pv  m  m  HH  J 


where  E^^  represents  the  pressure  volume  energy;  E^ 
represents  the  in termolecular  repulsion  of  the  molecules 


in  the  first  coordination  layer  and  is  mainly  dominated 
by  the  repulsion  of  hydrogen  atoms  in  most  cases. 


(3)  The  potential  derived  from  the  SCF  approximation 

Z 

(215,216)  used  for  calculating  E^  (i)  is  inconsistent 
with  the  potential  derived  from  the  adiabatic  scheme 
used  for  calculating  the  E  (i). 
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(4)  The  temperature  coefficient  of  E.  : 

Amax 

<5EAeaK/3I)p  =  (3EAmax/3T)p+  (3EAmax/3p)T(3p/Vp 

where  p  represents  the  density  of  the  medium. 

The  calculated  values  of  E.  and  dE,  /dT  are  in 

Amax  Amax 

excellent  agreement  with  the  observed  values  for  ammonia 
(74,81,187),  although  the  agreement  of  is  very  poor. 
In  the  case  of  water,  the  agreement  of  (52,53)  is 

very  reasonable,  but  it  is  quite  poor  for  dE  /dT  and 

AH13  X 

W,  (52,53,237). 

The  validity  of  a  number  of  assumptions  inherent 
in  semi-continuum  models,  both  the  CKJ-  and  FFK-models, 
has  been  tested  by  Webster  and  Carmichael  (238),  using 
numerical  solutions  of  semi-continuum  model  potentials 
for  a  solvated  electron  in  ammonia  and  in  water.  The 
results  indicate  that  the  potential  representing  excess 
electrons  obtained  from  either  the  CKJ  or  FFK  models, 
contains  an  inadequacy.  In  particular,  the  Wx  remains 
greatly  underestimated  (55,74).  This  highlights  a 
basic  failure  of  the  proposed  models  and  indicates  the 
need  for  comparison  of  any  model  with  a  more  sensitive 
property,  that  is,  not  with  the  position  of  the  absorp¬ 
tion  peak.  Static  polarizability  has  been  used  here 
by  Webster  and  Carmichael.  Neither  model  even  estimates 
the  observed  values  (239).  It  appears  that  this 
deficiency  resides  in  the  coulomb  tail  associated  with 
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the  model  potentials.  They  claim  that  the  observed  in- 
appropriateness  of  the  coulomb  tail  has  been  demonstrated 
in  a  number  of  other  studies  (239-242). 

5 . _ The  Molecular  Field  Model 

A  number  of  studies  have  been  made  of  localized 

electrons  using  semi-empirical  molecular  theories  to 

evaluate  the  short  range  electron-solvent  interaction. 

These  studies  usually  consider  tetramers  such  as  (NH^)^ 

or  (H„0).  .  Some  studies  have  also  concentrated  on 

2  4 

dimer  models:  (H^O)^  and  (NH^)^  •  These  models  are 

formulated  in  varying  degrees  of  mathematical  and  con¬ 
ceptual  sophistication.  The  work  in  these  areas  in¬ 
cludes  that  of  Raff  and  Phol  (244);  Natori  and  Watanabe 
(245);  Natori  (246,247);  McAloon  and  Webster  (248); 

Ray  (249);  Ishimaru  and  his  coworkers  (197,250,251); 
Weissman  and  Cohan  (252,253);  Shida  et  al.  (98,99); 
Naleway  and  his  coworkers  (254,255);  Howat  and  Webster 
(256);  Newton  (257,258);  Tachiya  and  his  coworkers 
(210,259,260);  and  Moskowitz  et  al.  (261);  Webster 
(262);  Banerjee  and  Simons  (147). 

The  set  of  approximate  molecular  orbital  methods 
employed  in  these  studies  includes  the  a])  initio  cal¬ 
culation  through  the  approximate  theories  of  INDO, 
modified  intermediate  neglect  of  differential  overlap 
(MINDO),  complete  neglect  of  differential  overlap 


. 
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version  2  (CNDO/2),  complete  neglect  of  differential 

overlap  (CNDO)  to  extended  Htickel  and  simple  Huckel 
theory . 

These  studies,  although  semi-empirical,  are  able 
to  introduce  all  the  factors  which  are  important  in 
electron-molecule  and  molecule-molecule  interactions 
in  the  clusters.  They  are  also  capable  of  considering 
questions  such  as  optimum  orientation  of  the  molecules. 
These  calculations,  however,  are  extremely  complicated 
and  it  is  very  difficult  to  extrapolate  the  results  to 
other  systems. 

6 . _ The  Two  Absorber  Model 

This  model  has  been  proposed  by  Tuttle  (67,263, 
264)  for  studying  the  behavior  of  solvated  electrons 
in  dilute  alkali  metal  ammonia  solutions.  Recently, 
Golden  and  Tuttle  (265)  applied  this  to  electrons 
solvated  in  binary  mixtures  of  mutually  nonreacting 
polar  liquids.  The  model  assumes: 

(1)  two  kinds  of  solvated  electrons  in  the 
mixture  of  solvents  Sj  and  S that  corres¬ 
pond  to  solvated  solvent  anions  S  (s)  and 

SK  (s) ; 

(2)  a  chemical  equilibrium  between  solvated 

electrons  and  their  solvent  progenitors  > 
which  is  described  by  ST  (s)  +  S„  - v 

eJ  A  ^ 
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Sj  +  SR  ( s ); 

(3)  a  solvated  electron  absorption  band  that 
is  an  unresolvable  composite  of  intrinsic  ab¬ 
sorption  bands  due  to  Sr  (s)  and  S 7.  (s)3  each 
of  which  satisfies  Beer's  law  (ref.  265 3  p.944). 


Under  these  assumptions,  the  following  formula  has 
been  derived 


1 

W 


x 


K 


W 


K 


[55] 


where  W’s  represent  Wj  in  the  mixtures  and  in  the  pure 

solvents  and  the  x's  correspond  to  the  relative  mole 

fractions  of  S  (s)  and  S  (s)  in  the  mixtures. 

J  K 

The  calculated  values  of  Wj  fit  reasonably  well 

'2. 

for  THF/EDA  (12)  and  EDA/HMPTA  (175).  However,  this 
model  fails  to  account  for  the  behavior  of  W,  as  a 
function  of  composition  in  wa t er / ammonia  (72). 


D.  The  Present  Study 

Electrons  are  strongly  solvated  by  hydroxylic  sol¬ 
vents  and  weakly  solvated  by  nonpolar  solvents.  In  a 
mixed  solvent  comprised  of  an  alkane  and  an  alcohol, 
the  absorption  spectrum  is  mainly  dominated  by  the 
latter.  The  purpose  of  the  present  work  was  to  look 
for  more  subtle  effects  in  a  mixture  of  two  hydroxylic 


solvents . 


Both  composition  and  temperature  were  varied. 


. 
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Measurements  were  made  of  the  optical  absorption  para¬ 
meters  E,  ,  W,  ,  W  and  W,  in  C,  to  C,  aliphatic  alco- 
Amax  %  r  b  1  4 

hols  mixed  with  water. 
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11  •  EXPERIMENTAL 

A.  Materials 

Water  from  the  laboratory  distilled  water  supply  was 
distilled  thrice  more  from  acidic  dichromate,  alkaline 
permanganate,  then  without  additive,  in  a  Pyrex  triple  re¬ 
flux-distillation  unit.  The  final  collection  flask  was 
protected  from  the  laboratory  atmosphere  by  a  U-tube  and 
bubbler  containing  distilled  water. 

The  methanol  was  spectropho tome trie  reagent  grade 
from  Baker  Chemical  Co.;  ethanol  was  absolute  reagent 
grade  from  U.  S.  Industrial  Chemical  Co.;  n-propanol, 
certified  grade,  Matheson,  Coleman  and  Bell  Co.;  iso¬ 
propanol,  spectropho tometric  grade,  Aldrich  Chemical  Co.; 

1- butanol,  spec tranalyzed  grade,  Fisher  Scientific  Co.; 

2- butanol,  analytical  reagent  grade,  BDH  Chemical  Co,; 
iso-butanol (2-methyl-l-propanol) ,  spec tranalyzed  grade, 
Fisher  Scientific  Co.;  jt-butanol (2-me thy 1-2-propanol) , 
analytical  reagent  grade,  BDH  Chemical  Co. 

Ethanol  was  used  without  further  purification  be¬ 
cause  of  its  exceptionally  high  purity  (266).  The 
other  alcohols  were  further  purified  as  follows.  To 
one  liter  of  alcohol  was  added  one  gram  of  sodium  boro- 
hydride  (Terochem  Laboratories  Ltd.).  The  purification 
was  carried  out  in  an  apparatus  constructed  of  Pyrex, 
with  grease  free  ground  glass  joints.  The  solution 
was  gently  bubbled  with  Ultra  High  Purity  (UHP)  argon 


, 

- 
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(Matheson  Co.),  and  was  refluxed  for  one  day  at  5K 
below  its  boiling  point.  The  alcohol  was  then  distilled 
through  an  85  cm  (length)  x  2  cm  (inner  diameter  -  i.d.) 
column  packed  for  65  cm  (length)  with  3  mm  (i.d.)  glass 
helices.  About  90%  of  the  distillate  was  collected. 
About  2  grams  of  freshly  cut  sodium,  washed  with  the 
appropriate  alcohol,  was  added  to  the  distillate.  The 
solution  was  refluxed  for  another  day  under  UHP  argon 
atmosphere.  The  alcohol  was  then  fractionally  distilled 
through  the  column  mentioned  before.  Receivers  were 
rinsed  several  times  with  fresh  distillate  before  being 
used  to  collect  the  middle  fraction.  Treated  alcohols 
were  stored  under  UHP  argon  atmosphere  in  Pyrex  flasks 
with  stoppers  wrapped  with  Teflon  tape.  Contact  with 
oxygen  or  moisture  was  avoided  by  fitting  the  flask 
with  a  Pyrex  syphon  and  a  gas  bubbler,  and  applying 
several  pounds  of  UHP  argon  pressure.  Alcohol  was 
obtained  by  opening  a  Teflon  stopcock  on  the  syphon 
tubing. 

B.  Apparatus 
1.  The  Sample  Cells 

Cells  of  Suprasil  quartz  from  Pyrocell  Manufactur¬ 
ing  Company  were  used  at  atmospheric  pressure  for  dif- 

3 

ferent  temperatures.  They  were  of  1.0  x  1.0  x  4.5  cm 
inside  dimensions  giving  an  optical  path  length  of 
1.0  cm.  The  cell  was  topped  by  a  graded  seal  so  that 


I . 
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it  could  be  attached  to  a  Pyrex  glass  tubing.  Different 
cell  designs  are  illustrated  in  Figure  II-l. 

Cells  of  type  (a)  were  used  for  dosimetry  by  using 
5  mM  KCNS  aqueous  solution  saturated  with  oxygen.  The 
Pyrex/Tef Ion  stopcocks  (No.  1782,  Canadian  Laboratory 
Supplies  Ltd.)  provided  a  good  seal  at  room  temperature, 
but  leaked  when  the  temperature  was  changed  a  large 
amount.  Cells  of  type  (b)  were  used  for  all  temperature 
studies.  The  technique  for  sealing  these  cells  is  des¬ 
cribed  in  section  one  of  part  C  (Techniques)  in  this 
chapter . 

2.  The  Bubbling  Systems 

Samples  in  quartz  cells  were  UHP  argon  bubbled. 

The  UHP  argon  bubbling  manifold  is  shown  in  Figure  II-2. 
A  regulator  controlled  argon  pressure  at  6  psi.  Heavy 
wall  rubber  tubing  (1/4"  i.d.  x  1/8"  wall  thickness) 
connected  the  regulator  to  a  column  of  oxysorb  ' G' 
which  removed  oxygen  from  the  argon.  The  main  manifold 
was  of  Pyrex  glass.  Pyrex/Tef Ion  stopcocks  (No.  7282, 
Canadian  Laboratory  Supplies  Ltd.)  controlled  the  gas 
flow  through  the  stainless  steel  needles  (8"  long  x 
0.025"  i.d.). 

3.  The  Irradiation,  Detection  and  Control  System 


Figure  II-3  shows  this  system. 


. 


' 

■ 


. 


42. 


FIGURE  II-l 


Suprasil  Quartz  Optical  Cells 
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FIGURE  1 1- 2.  The  Sample  Bubbler  Manifold  for  Use  with  Quartz  Cells 
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FIGURE  II-3 . 


The  Block  Diagram  of  Optical  Detection  System. 
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(a)  The  van  de  Graaff  Accelerator  (VDGA) 

The  source  of  high  energy  electrons  was  a  Type  AK-60 
2.0  MeV  van  de  Graaff  Accelerator  (VDGA)  manufactured  by 
High  Voltage  Engineering  Corporation.  The  maximum  peak 
current  delivered  during  pulsed  operation  was  130  mA . 

Pulse  lengths  of  3,  10,  30,  100  nanoseconds  (ns)  and  1.0 
microsecond  (ps)  were  available,  but  only  the  two  longest 
pulses  provided  useful  doses. 

The  entrance  from  the  control  room  to  the  acceler¬ 
ator  and  target  rooms  was  shielded  by  a  concrete  maze. 
Closing  and  locking  the  iron  gate  at  the  control  room 
end  of  the  maze  sounded  a  warning  buzzer  for  15  seconds 
(s).  Accelerator  operation  was  possible  only  after  ces¬ 
sation  of  the  buzzer.  Opening  of  the  iron  gate  resulted 
in  immediate  shut-down  of  the  VDGA. 

Several  methods  could  be  used  to  monitor  the 
steering  and  focussing  of  the  electron  beam.  The  method 
commonly  used  was  to  fix  a  piece  of  phosphorescent  paper 
to  the  end  of  the  accelerator  beam  pipe.  The  paper  could 
be  viewed  on  closed  circuit  television.  Each  pulse  of 
electrons  caused  a  visible  glow  where  it  struck  the 
phosphor,  enabling  accurate  steering  and  focussing  by 
adjustment  of  current  to  electromagnets.  When  equipment 
blocked  visual  observation,  the  beam  could  be  steered  by 
maximizing  either  the  secondary  emission  monitor  (SEM) 
dose  (see  next  section)  or  the  absorption  from  a  dummy 
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sample . 

Typical  beam  diameter  at  the  electron  window  (see 

part  b  of  this  section)  was  2.5  cm,  with  the  most  intense 

2 

portion  confined  to  an  area  of  about  1  cm  . 

(b)  The  Secondary  Emission  Monitor  (SEM) 

The  relative  dose  for  each  electron  pulse  was  in¬ 
dicated  by  a  SEM  (267).  The  SEM  consisted  of  three  thin 
metal  foils  placed  inside  the  accelerator  beam  pipe  per¬ 
pendicular  to  the  path  of  the  high  energy  electrons.  As 
shown  in  Figure  II-4,  the  SEM  was  positioned  as  near  as 
possible  to  the  beam  pipe  electron  window,  because  of 
beam  scattering  at  the  foils. 

Aluminum  (0.001M  thick)  was  originally  used  for 
the  foils.  However,  the  emission  characteristics  changed 
with  time,  probably  due  to  slow  surface  oxidation  of  the 
foils.  The  secondary  emission  was  also  found  to  depend 
on  beam  current  density. 

Use  of  Havar,  a  cobalt  base  high  strength  alloy, 
overcame  these  problems.  It  was  obtained  in  very  thin 
(0.0001")  sheets  from  the  Hamilton  Watch  Company,  Pre¬ 
cision  Metal  Division.  The  low  average  atomic  number 
(At.  No.  about  27)  of  this  material  made  it  superior  to 
gold  (At.  No.  79)  because  of  less  beam  attenuation 
through  electron  scattering. 
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FIGURE  II-4  The  Secondary  Emission  Monitor  (SEM) 
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The  2M  diameter  foils  were  separated  by  0.5  cm.  The 
outer  two  were  maintained  at  a  potential  of  +50  V.  Pas¬ 
sage  of  an  electron  pulse  generated  secondary  electrons. 
The  electrons  ejected  from  the  centre  foil  were  collected 
by  the  outer  foils,  the  net  result  being  a  current  flow 
from  the  centre  foil. 

Current  flow  occurred  only  during  a  high  energy 
electron  pulse  and  was  measured  and  held  by  a  gated  inte¬ 
grator,  digitized  and  displayed  by  a  digital  readout. 

The  SEM  dose  for  1.0  and  0.1  ]is  electron  pulses 
was  4.4%  of  the  primary  electron  dose  measured  as  a  cur¬ 
rent  from  a  gold  target  fixed  to  the  beam  pipe  electron 
window.  The  ratio  of  SEM  to  target  dose  could  be  varied 
+  7%  by  changing  beam  steering  and/or  focussing. 

Aetinometry  ill  situ  was  used  to  calibrate  the  SEM 
as  a  secondary  dosimeter  as  explained  in  Section  D 
Part  b . 

(c)  The  Temperature  Control  System 

Temperatures  from  296K  to  150K  could  be  achieved 
by  boiling  liquid  nitrogen  at  a  controlled  rate  from 
a  50  liter,  wide  necked  steel  Dewar  vessel  (Sulfrian 
Cryogenics  Inc.).  A  poly-vinyl  chloride  (PVC)  pipe 
(2.5M  i.d.)  extended  to  the  bottom  of  the  Dewar.  It 
was  notched  at  the  base  to  allow  liquid  nitrogen  to 
flow  in,  and  it  was  fixed  to  a  lid  which  fit  snugly 
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into  the  neck  of  the  Dewar.  The  system  could  be  filled 
with  liquid  nitrogen  while  in  use  through  a  hole  in  the 
lid.  A  1000  W  nichrome  wire  coil  was  attached  inside 
the  PVC  pipe  about  7  cm  from  the  bottom. 

Cold  nitrogen  gas  was  transported  to  the  sample 
box  through  one  meter  of  brass  pipe  (0.5"  i.d.).  The 
pipe  was  insulated  by  a  layer  of  sponge  rubber  tubing 
(0.6"  i.d.  x  0.5"  wall  thickness)  and  a  layer  of 
Styrofoam  3  cm  thick. 

Temperatures  from  296K  to  370K  were  obtained  using 
hot  air  from  a  modified  laboratory  heat  gun  (Master 
Appliance  Corporation,  Model  AH0751).  Current  to  the 
heating  coil  and  the  fan  motor  could  be  individually 
controlled.  The  fan  speed  was  powered  from  a  normal 
60  cycle  outlet.  Hot  air  travelled  45  cm  through  un¬ 
insulated  glass  tubing  (0.5"  i.d.)  to  the  sample  box. 

Current  to  the  nichrome  element  in  the  Dewar  and 
heat  gun  element  was  provided  by  an  Ohmite  'V.I.* 

Variac  (0-120  V,  25  A)  from  Ohmite  Manufacturing 
Company.  It  was  controlled  by  a  two  mode  controller 
from  API  Instrument  Company.  The  voltage  setting  on 
the  Variac  depended  on  the  temperature  desired.  Too 
high  a  setting  would  result  in  rapid  cooling.  The 
controller  could  not  then  respond  fast  enough,  result¬ 
ing  in  over  cooling.  Equilibration  at  a  desired  tem¬ 
perature  could  be  achieved  more  rapidly  with  gradual 
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cooling . 

Optical  cells  were  held  snugly  on  three  sides  by  a 

one  piece  blackened-brass  holder.  A  steel  spring  which 

assured  accurate  cell  position  formed  the  fourth  side 

of  the  holder.  An  adjustable  slit,  usually  set  at 
2 

0.3  x  2.5  cm  ,  was  attached  to  the  side  of  the  holder. 

For  low  temperature  studies,  the  holder  was  fixed 

3 

in  a  Styrofoam  box  (SB)  of  12  x  12  x  27  cm  outside 

3 

and  7  x  7  x  17  cm  inside  dimensions.  To  minimize 

spreading  of  the  electron  beam,  the  Styrofoam  was  thinned 

from  the  outside  directly  in  front  of  the  cell  for  the 

temperature  box  electron  window. 

In  high  temperature  studies,  the  holder  was  fixed  in 

3 

an  Asbestos  box  (AB)  of  12  x  12  x  27  cm  outside  and 

3 

11  x  11  x  17  cm  inside  dimensions.  The  electron  win¬ 
dows  were  3  cm  and  2  mm  thick  for  SB  and  AB,  respect¬ 
ively  . 

The  optical  windows  were  Suprasil  quartz  plates  for 
the  latter  and  were  Suprasil  quartz  cylinders  for  the 
former.  Analyzing  light  entered  and  left  either  the 
AB  or  the  SB.  At  temperatures  below  240K,  it  was  neces¬ 
sary  to  blow  dry  air  on  the  outsides  of  the  electron 
and  optical  windows  to  keep  them  frost  free. 

Cooling  (heating)  gas  entered  at  the  bottom  of  the 
SB  (AB)  and  was  deflected  to  force  it  to  circulate 
before  leaving  through  a  30  cm  high  insulated  chimney 
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in  the  lid. 

Temperature  measurements  were  made  using  copper- 
constantan  thermocouples  (268).  Initially  they  were 
calibrated  in  slush  (269)  baths  at: 

113K  (isopentane); 

175K  (methanol); 

210K  (chloroform); 

250K  (carbon- tetrachlor ide) ; 

273K  (ice-water); 

and  371K  (boiling  water). 

Later,  because  of  their  reliability,  thermocouples  were 
only  checked  against  each  other  at  room  temperature  and 
273K. 

Two  (three)  thermocouples  were  attached  to  the 
brass  cell  holder  in  SB  (AB) ,  and  one  to  the  cell.  Minia¬ 
ture  thermocouple  connectors  (Thermo  Electric  (Canada) 
Ltd.)  were  used  to  connect  the  thermocouple  to  the 
voltage  measurement  system.  The  temperature  was 
measured  by  Fluke  Digital  Thermometer  Model  2100A. 

Temperature  equilibrium  in  the  system  was  assumed 
to  exist  when  all  three  (four)  thermocouples  indicated 
the  same  temperature  (+1  K)  for  a  period  of  five  min¬ 
utes.  Once  equilibrium  was  achieved,  the  temperature 
could  be  maintained  through  the  whole  experiment. 
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(d)  Optical  Detection  System 

(i)  The  Light  Source 

A  schematic  diagram  of  the  path  of  the  analyzing 
light  is  given  in  Figure  II-5.  The  source  was  an  Osram 
XBO  450  W  xenon  arc  lamp  contained  in  an  Oriel  Optics 
Corporation  lamp  housing  (Model  c-60-50).  A  Pyrex 
filter  was  usually  placed  in  the  lamp  housing  to  filter 
out  ultra-violet  (UV)  light  with  X  <  320  nm.  This 
prevented  ozone  formation  in  the  room.  The  lamp  was 
run  at  650  W  and  pulsed  to  15  KW  for  2  ms  when  an 
absorption  measurement  was  desired.  The  pulsing  circuit 
is  shown  in  Figure  II-6.  A  light  shutter  protected  the 
sample  from  unnecessary  exposure.  This  was  important 
for  low  temperature  samples,  to  prevent  warming.  The 
shutter  was  opened  for  1.2  seconds  per  pulse. 

A  quartz  lens  was  used  to  focus  the  light  beam  at 
the  center  of  the  irradiation  cell.  Front  surface 
aluminum  mirrors  coated  with  silicone  monoxide  were 
used  to  direct  the  light  beam  and  to  render  it  parallel. 
In  this  way,  the  light  was  transported  from  the  irradia¬ 
tion  room  through  a  hole  in  the  1.2  meter  thick  con¬ 
crete  wall.  Total  path  length  of  the  optical  system 
was  12  meters.  The  final  concave  mirror  was  used  to 
focus  the  light  on  the  monochromator  housing. 

Optical  slits  were  placed  just  before  and  just 
after  the  cell  such  that  the  light  beam  passed  close 
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FIGURE  II-5 .  The  Path  of  the  Analyzing  Light 
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to  the  window  but  did  not  reflect  from  it.  They  were 
adjusted  so  that  the  transmitted  beam  excluded  light 
that  had  penetrated  the  irradiated  front  face  of  the 
cell . 

(ii)  The  Monochromator,  Grating  and  Filters 
After  passing  through  the  sample,  a  swing  concave 
mirror  was  used  to  focus  the  light  on  either  of  two 
Bauch  and  Lomb  monochromator  housings  of  type  33-86-25. 
They  were  used  with  three  different  gratings,  types 
33-86-02  (400  -  800  nm)  and  -03  (700  -  1200  nm)  for 
visible;  -78  (1100  -  2300  nm)  for  infrared  (IR) ;  -07 
(200  -  700  nm)  for  UV ,  respectively.  The  grating  scale 
was  calibrated  with  a  He-Ne  gas  laser  (University  Lab¬ 
oratories,  Model  240)  using 

X  =  W  x  632.8  (nm),  M  =  1,  2,  3  [1] 


and  the  Xe  lamp  spectrum  (peaks  from  450  to  2100  nm) . 

The  light  intensity  reaching  the  detector  was 
controlled  by  adjusting  the  slits  on  the  monochromator. 
The  band  pass  was: 


and 


4+1  nm  for  -2  and  -3  gratings; 
40  +  10  nm  for  -78  grating; 

7+1  nm  for  -7  grating. 


respect ively . 
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Appropriate  Corning  filters  were  mounted  on  a  remote- 
controlled  rotating  wheel  which  was  placed  in  front  of 
the  optical  cell.  Another  filter(s),  which  narrowed  the 
light  band  pass  further,  was(were)  placed  before  the 
monochromator . 

For  IR  measurements,  a  Corning  CS-7-56  was  always 
placed  on  the  remote-controlled  wheel.  The  filter 
placed  in  front  of  the  monochromator  was  CS-7-56  for 
(1000  -  1500)  nm .  For  wavelengths  longer  than  1500  nm, 
two  filters  were  used,  i.e.,  CS-7-56  along  with: 

CS-4-67  for  (1500  -  1800)  nm; 

CS-4-71  for  (1800  -  1900)  nm; 

CS-4-97  for  (1900  -  2000)  nm; 

CS-4-72  for  (2000  -  2250)  nm . 

For  visible  light,  there  was  no  filter  on  the  remote 
controlled  wheel  but  a  filter  was  always  placed  in  front 
of  the  monochromator.  It  was: 

CS-4-97  for  (400  -  500)  nm; 

CS-3-72  for  (480  -  700)  nm; 

CS-2-64  for  (700  -  1100)  nm. 

For  UV  measurements,  the  arrangement  was  similar  to  the 
visible  case,  except  the  filters  placed  in  front  of  the 
monochromator  were: 


CS-9-54  for  (250  -  260)  nm; 


' 

CS-7-54  for  (260  -  350)  nm; 
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CS-7-59  for  (350  -  410)  nm ; 

CS-4-97  for  (410  -  510)  nm. 

(iii)  Detectors  and  Amplifiers 

Figure  II-7  shows  a  block  diagram  of  detectors  and 
amplfiers  for  IR,  visible,  and  UV  measurements. 

The  IR  photocell  was  a  Barnes  Engineering  A-10D/D10S 
InSb  diode.  It  was  cooled  to  77K  in  a  Dewar  having  side 
view  sapphire  windows.  The  detector  was  used  over  the 
wavelength  range  (800  -  2300)  nm.  The  amplifier  (Figure 
II-8)  had  a  gain  of  2700  Ohm/V,  with  a  40  ns  rise  time 
(10  -  90%)  and  a  linear  dynamic  output  range  from  0  to 
10  V. 

At  each  wavelength  setting,  the  incident  light  inten¬ 
sity  was  offset  by  a  Tektronix  7A13  plug-in  so  that  the 
output  signal  could  be  displayed  on  a  Tektronix  7623 
oscilloscope.  The  combined  cell  and  amplifier  rise 

V 

time  for  3  to  97%  response  was  measured  by  Cerenkov 
emission  from  n-pentane  to  be  600  ns,  independent  of 
wavelength  (125). 

The  silicon  visible  light  detector  covered  the 
wavelength  (400  -  1100)  nm .  It  was  an  SGD-444-2  photo¬ 
diode  from  EG  &  G  Incorporated.  Maximum  spectral 
response  occurred  at  900  nm  where  the  sensitivity  was 
typically  0.5  yA/yW. 


• 
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FIGURE  I I- 7.  Block  Diagram  of  the  Detectors  and  the  Amplifiers  for  IR, 
Visible,  and  UV  Measurements. 
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FIGURE  II-8.  Amplifier  Circuit  for  the  IR  Light  Detector 
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Response  was  linear  over  seven  decades  of  incident 
power.  The  amplifier  to  accommodate  the  rapid  increase 
of  incident  light  from  the  pulsed  lamp  is  shown  in  Figure 
II-9.  The  overall  rise  and  fall  times  for  3  to  97%  re¬ 
sponse  of  the  detector,  amplifier,  and  7623  oscilloscope 
was  90  ns  with  5  MHz  bandwidth  in  the  7A-13  plug-in. 

The  amplifier  had  a  gain  of  2700  Ohm/V,  and  a  linear  dyn¬ 
amic  output  range  from  0  to  10  V. 

The  UV  detector  was  an  RCA  1P28  photomultiplier. 

The  amplifier  circuit  is  shown  in  Figure  11-10.  The 
first  six  dinodes,  followed  by  an  amplifier  with  150 
Ohms  gain,  were  used.  The  power  supply  (Fluke  412B  High 
Voltage  Power  Supply)  for  the  1P28  was  gated  on-off  with 
the  lamp  shutter,  which  opened  for  an  interval  of  one 
second.  The  power  supply  was  set  to  650-800  V,  depend¬ 
ing  on  the  light  intensity. 

The  amplifier  was  connected  by  a  93  (50)  Ohms  co¬ 

axial  cable  to  the  Tektronix  7623  oscilloscope,  for  UV 
(IR  and  visible)  measur ement (s ) ,  respectively. 

(iv)  Digital  Voltmeter  (DVM)  and  Oscillo- 
scope 

Incident  light  was  recorded  as  a  voltage  on  a 
Hewlett-Packard  (HP)  Model  3440A  digital  voltmeter 
(DVM) . 

Absorption  signals  were  recorded  as  voltages  on 
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FIGURE  I I- 9 .  Amplifier  Circuit  for  the  Visible  Light  Detector 
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FIGURE  11-10.  Amplifier  Circuit  for  the  UV  Light  Detector. 
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an  oscilloscope  cathode  ray  tube  (CRT).  A  Tektronix  7623 
oscilloscope  equipped  with  the  appropriate  plug-ins  was 
used.  Each  CRT  trace  was  photographed  for  later  analy¬ 
sis  using  a  Polaroid  Model  C12  camera  and  type  47  or 
410  Polaroid  Land  film. 

(e)  The  Timing  and  Control  System 

Several  coordinated  measurements  were  necessary 
to  conduct  a  successful  fast  absorption  experiment.  The 
electronic  system  evolved  to  the  point  where  a  properly 
prepared  experiment  could  be  conducted  by  pushing  one 
button.  The  timing  of  events  initiated  by  this  button 
is  illustrated  in  Figure  11-11.  Since  the  duration  of 
events  differ  by  up  to  six  orders  of  magnitude,  their 
widths  in  the  figure  could  not  be  drawn  to  scale. 

Assuming  all  preparation  was  complete,  including 
setting  on  the  Tektronix  7623  fast  storage  oscillo¬ 
scope,  an  experiment  proceeded  as  follows.  Initially, 
the  remote  erase  cleared  the  oscilloscope  CRT  and 
Channel  A  of  the  Transistor  Specialties  Incorporation 
(TSI)  Counter  Model  1335.  The  electron  pulse  count 
total  was  registered  on  a  HP  5245L  Electronic  Counter. 

After  1.2  seconds,  at  point  A  on  the  figure,  the 
main  sweep  was  enabled.  To  improve  reproducibility, 
the  main  gate  always  triggered  from  a  point  on  the 
power  line  signal  which  had  positive  level  and  positive 
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REMOTE  ERASE 

LAMP  SHUTTER 

MAIN  SWEEP  GATE 

FIRE  VAN  DE  GRAAFF 

DELAYED  SWEEP  GATE 

DELAYED  SWEEP  HOLDOFF 

LAMP  PULSE  RAMP 

LAMP  PULSE 

HOLD  TOTAL  LIGHT 

SAMPLE  TOTAL  LIGHT 

ERASE  DOSE 

GATE  TO  SEM 


FIGURE  11-11. 


The  Time  Sequence  of  an  Absorption  Experiment. 
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slope.  This  point  was  chosen  to  obtain  the  longest 
possible  low  light-noise  region  for  the  experiment. 
Reasons  for  the  importance  of  the  analyzing  light  ampli¬ 
tude  remaining  constant  during  an  experiment  are  given 
later  . 

The  first  event  in  the  main  sweep  was  a  10  ps 
pulse  to  fire  the  VDGA.  A  high  energy  electron  pulse, 
indicated  by  B,  occurred  about  1.8  ms  later.  There  was 
an  uncertainty  (of  10  -  50  ys)  in  the  time  a  beam  pulse 
would  occur.  This  was  called  beam  "jitter"  and  was 
caused  by  the  uncertainty  in  closing  time  of  a  relay. 

The  signal  required  to  sweep  the  baseline  for 
the  absorption  trace  came  from  the  delayed  sweep  gate 
at  point  C.  It  was  swept  at  the  same  speed  as  set 
for  the  corresponding  absorption  decay  curve.  After 
sweeping  the  baseline,  there  was  a  5  ys  delayed  sweep 
holdoff.  This  time  was  needed  to  allow  the  time  base 
to  settle. 

Passage  of  the  electron  pulse  through  a  toroid 
located  part  way  down  the  accelerator  beam  pipe 
supplied  a  fast  pulse.  This  pulse  was  used  to  trigger 
the  oscilloscope  sweep  to  record  the  absorption  signal. 
Point  E  on  the  figure  represents  this  sweep.  Again, 
as  for  C,  it  was  followed  by  a  5  ys  delayed  sweep  hold¬ 


off. 


• 

■ 


The  SEM  was  monitored  from  the  beginning  of  a  base¬ 
line  sweep  up  to  the  end  of  the  absorption  sweep.  Thus, 
any  current  from  the  SEM  due  to  passage  of  high  energy 
electrons  was  measured  during  the  entire  experiment  and 
recorded . 

The  incident  analyzing  light  was  sampled  at  the 
same  time  as  a  baseline  was  swept.  It  then  had  to  be 
held  for  at  least  500  ms  while  the  HP  3440A  DVM  respond¬ 
ed.  Actual  sampling  of  the  incident  light  took  a 
further  60  ms.  This  was  the  time  required  for  the  DVM 
to  digitize  the  analog  signal. 

Beam  "jitter"  was  a  complicating  factor,  particul¬ 
arly  in  obtaining  an  accurate  baseline.  It  was  import¬ 
ant  to  have  the  baseline  written  as  close  in  time  to 
the  absorption  as  possible.  This  was  because  any 
change  in  the  analyzing  light  amplitude  between  sweeps 
C  and  E  would  result  in  an  erroneous  baseline.  Any 
adjustment  made  in  the  delay  time  preceeding  sweep  C 
was,  therefore,  quite  critical.  If  the  baseline  was 
swept  too  early,  it  could  be  incorrect.  If  it  was 
swept  too  late,  the  absorption  signal  would  be  either 
missed  completely  (if  the  electron  pulse  occurred 
during  the  delayed  sweep  holdoff)  or  it  would  appear 
during  the  baseline  sweep.  The  slower  the  sweep 
speed,  the  greater  the  possibility  became  that  there 
would  be  delay  problems.  The  system  was  in  fact  limited 
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to  the  slowest  horizontal  sweep  of  2  ys/division. 

Modification  of  the  system  would  allow  use  of  slower 
sweeps.  This  was  necessary  only  for  samples  having  a  sol¬ 
vated  electron  half  life  greater  than  about  15  ys.  The 
method  used  was  to  deliberately  sweep  the  baseline  late. 
The  electron  pulse  would,  thus,  occur  during  sweep  C, 
producing  a  short  leading  baseline,  then  the  absorption 
trace.  However,  even  with  this  technique,  for  speeds 
of  10  ys/division  or  slower,  there  was  a  significant 
chance  for  error  due  to  intensity  changes  in  analyzing 
light  during  the  absorption  trace,  and  also  due  to  the 
poor  low-frequency  response  of  the  amplifier.  Therefore, 
an  additional  amplifier  having  D.C.  frequency  was  used 
(see  Figure  11-12). 

When  the  automatic  sequence  of  events  was  complete, 
the  manual  sequence  began.  First,  the  CRT  trace  was 
photographed  and  the  oscilloscope  settings  were  recorded. 
Then  the  pulse  number,  SEM  dose,  incident  light,  tempera¬ 
ture,  monochromator  wavelength  and  other  pertinent  data 
were  recorded. 

C  . _ Techniques 

1 . _ Sample  Preparation 

Quartz  cells  and  other  glassware  were  cleaned  by 
performing  the  following  sequence  of  operations.  First 
the  vessel  was  rinsed  twice  with  absolute  ethanol. 


While  the  surface  was  still  alcohol  wetted,  concentrated 
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FIGURE  11-12.  Direct  Current  Absorption  Amplifier 
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nitric  acid  was  added.  The  resulting  exothermic  re¬ 
action  caused  the  acid  to  boil  vigorously.  Acid  was 
then  removed  by  rinsing  twice  with  dilute  sodium  bi¬ 
carbonate  solution  and  many  times  with  triply  distilled 
water.  The  glassware  and  quartz  cells  were  dried  at 
388K  in  a  clean  oven  reserved  for  that  purpose.  Just 
before  use,  the  vessel  was  rinsed  twice  with  the  appro¬ 
priate  solvent  or  solution. 

Syringe  needles  were  washed  first  with  hexane  to 
remove  oil  and  grease,  then  with  soap  and  hot  water. 
They  were  finally  rinsed  many  times  with  triply  dis¬ 
tilled  water  and  oven  dried.  Before  use,  they  were 
rinsed  several  times  with  the  solvent  or  solution  being 
used  . 

Stock  solutions  were  prepared  in  50  ml  Pyrex  volu¬ 
metric  flasks  with  the  aid  of  syringes.  Samples  were 
prepared  by  syringe  addition  of  stock  solution  to  a 
clean  cell,  and  were  de-aerated  by  bubbling  for  at 
least  one  hour  with  UHP  argon  at  a  rate  of  about  20  cc 
per  minute,  and  were  then  sealed  after  bubbling  as 
illustrated  in  Figure  11-13.  Step  1  took  place  at 
room  temperature.  The  syringe  needle  was  then  with¬ 
drawn  to  just  above  the  liquid  as  shown  in  step  2 
and  the  argon  flow  rate  was  increased  somewhat.  The 
cell  was  placed  in  a  Dewar  flask  filled  with  an  appro¬ 
priate  coolant  and  cooled  to  ~5K  above  its  melting 
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FIGURE  11-13.  The  Sealing  Technique  for  Type  (b)  Cells. 
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point.  Heating  the  thinned  portion  of  the  tubing  with  a 
flame  flushed  volatile  substances  from  the  glass  wall. 

The  syringe  needle  was  then  further  withdrawn  as  shown 
in  step  3,  and  the  seal  was  made  as  rapidly  as  possible. 
This  method  was  used  for  all  samples. 

2.  Analysis  of  Polaroid  Photographs 

Typical  photographs  taken  from  the  CRT  of  the  Tek¬ 
tronix  7623  oscilloscope  are  shown  in  Figure  11-14.  Each 
picture  was  taken  at  a  sweep  speed  (horizontal  scale)  of 
1,0  ps /division .  The  vertical  scale  is  in  volts/division, 
and  is  proportional  to  absorbance.  For  'if  and  'ii?, 
the  vertical  scale  is  0.05  and  0.1  volts/division, 
respectively . 

(a).  Analysis  of  Optical  Absorption  from  Photo¬ 

graph  1  i  * 

Photograph  ’i',  in  Figure  11-14,  shows  the  decay 
curve  of  the  solvated  electron  absorption  at  600  nm  in 
ethanol  at  298K.  A  best-fit  line  was  drawn  through 
the  noise  on  both  the  baseline  and  the  decay  curve. 

Using  a  graticle  line  as  reference,  the  vertical  line 
was  then  drawn  through  the  point  which  represents  the 
end  of  the  electron  pulse. 

Absorbance  could  be  determined  at  any  time  along 
the  solvated  electron  curve  by  substitution  in  the  fol¬ 


lowing  formula. 
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II.  AQUEOUS  5.0  mM  KSCN 


Typical  Oscilloscope  Trace  Photo¬ 
graph  . 


FIGURE  11-14 


a 


■ 


73. 


A  =  (Dq/D) .log{lo/(io  -  It/F)}  [2] 

A  is  absorbance  at  time  t  after  the  beginning  of  the 
electron  pulse;  (Dq/D)  is  a  dose  normalization  factor 
where  D  is  the  SEM  dose  and  Dq  is  an  average  dose, 
usually  chosen  to  be  1.0  nanocoulomb  (nc)  from  the 
SEM;  I  is  the  incident  analyzing  light  in  volts; 

is  the  absorbed  light  in  volts  at  time  t,  and 
F  is  the  amplifier  factor  which  is  the  ratio  of  the 
amplification  of  the  absorbed  light  to  the  incident 
analyzing  light. 

When  the  solvated  electron  lifetime  was  short, 
there  was  significant  decay  of  electrons  during  the 
pulse.  This  was  particularly  true  at  temperatures 
higher  than  room  temperature.  A  correction  for  this 
decay  was  applied  where  necessary  using  [3]  (299) 

A  =  A  .k.t  /{ 1-exp  (-k . t  )}  [3] 

c  obs  p  P 

A  is  the  absorbance  corrected  for  the  decay  during 
c 

the  pulse;  A  is  the  observed  absorbance  at  the 
end  of  the  pulse;  t  is  the  pulse  duration  time,  and 
k  =  (0.693/tj )  is  the  first  order  decay  constant. 

The  correction  was  negligible  for  t  =  100  ns 
and  was  normally  <20%  for  t^  =  1.0  ys. 
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At  wavelengths  (^)  less  than  400  nm,  the  half-life 
of  the  absorption  increased,  which  indicated  a  contri¬ 
bution  from  species  other  than  solvated  electrons  (14). 
The  absorbance  due  to  solvated  electrons  at  these 
wavelengths  was  calculated  from  [4] 


A  (e  )  =  2  (A  -Aj) 

o  solv  obs  % 


[4] 


A^  is  the  absorbance  corrected  for  other  species  absorp¬ 
tion,  and  Aj  is  the  absorbance  at  a  time  equal  to  the 


2 

solvated  electron  half-life  measured  at  longer  wave¬ 
lengths  (X  >  400  nm) . 


(b)  Analysis  of  Optical  Absorption  from  Photograph 

f  •  •  f 

 li  

Photograph  'ii'  in  Figure  11-14,  is  of  the  optical 
absorption  at  478  nm  in  a  5.0  mM  KSCN  aqueous  dosimeter 
solution  following  a  0.1  ps  electron  pulse.  At  a  sweep 
speed  of  1.0  ps/division,  there  is  very  little  decay 
evident  in  the  (SCN^  absorption. 

Calipers  were  used  to  measure  I  between  straight 
lines  drawn  through  the  noise  on  each  trace.  The  ab¬ 
sorbance  was  calculated  using  [2].  The  dose  received 
by  the  sample  could  then  be  calculated. 
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3 . _ Analysis  of  Absorption  Spectra 

(a)  Primary  Parameters 

After  correction,  each  absorbance  was  normalized  to 

the  absorption  maximum  to  obtain  A/A  .  Measurements 

max 

at  30  or  more  different  wavelengths  were  used  to  obtain 
a  spectrum.  The  following  primary  parameters  were 
obtained  from  a  plot  of  A/A  against  photon  energy  E 

max 

(Figure  11-15 ) : 

E  ,  the  energy  at  absorption  maximum; 

A  HI  CL  X 

Wj  ,  the  band  width  at  half-height  of  absorption 
"2 

maximum ; 

W  ,  the  part  of  on  the  red  side  of  the  ab- 

r  ""2 

sorption  maximum; 

W,  ,  the  part  of  Wx  on  the  blue  side  of  the  ab- 

D  ''2 

sorption  maximum. 

(b)  Secondary  Parameters 

Each  spectrum  was  deconvoluted  into  overlapping 
Gaussian  bands  using  equations  [5]  and  [6]  (85,86) 

A.  =  A.  .  exp  {-ln2((E  .  -  E)/g)2}  [5] 

i  i,max  i 

A  +  R  [6] 

i 

where  A  is  the  experimental  absorbance  after  correction 

at  energy  E;  A^  is  the  absorbance  of  the  i'th  band  at 

energy  E;  A.  is  the  maximum  absorbance  in  the  i’th 

i,max 


. 

' 


. 


band;  R  is  the  residual  absorbance;  E^  is  the  energy 
at  A  x;  E  is  the  photon  energy  associated  with  A,  and 
2g^  is  the  half-width  of  the  i ' th  band.  The  secondary 
parameters  max »  and  Eq  (the  threshold  energy 

of  photon  ionization  of  the  solvated  electron-  estim¬ 
ated  from  the  onset  of  the  residue  of  the  high  energy 
tail)  are  illustrated  in  Figure  11-16. 

(c)  High  Energy  Side  of  the  Spectra 

The  high  energy  side  of  the  absorption  spectra  were 
tested  by  using  a  simple  exponential  function  (14,85, 
270)  : 

A/A  =  Constant  E  01  [7] 

max  L  J 

The  value  of  a  is  obtained  from  the  slope  of  the  plot 

of  ln(A/A^ax)  vs  ln(E).  A  representative  plot  is  shown 

in  Figure  11-17. 

(d)  Area  Measurements 

The  area  under  each  absorption  spectrum  was 

obtained  using  integration  in  parts  (Figure  11-18). 

The  area  under  the  low  energy  side,  for  0.0  < 

A/A  <  0.5  was  calculated  with  ZDHOW  (a  public  sub¬ 
max  — 

routine  in  "APL  Functions  for  Random  Numbers  and 
Probability”)  (271),  using  the  normalized  one  dimen¬ 
sional  Gaussian  equation  as  a  basic  function. 
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FIGURE  11-15.  Graph  Used  to  Obtain  Primary  Parameters 
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FIGURE  11-17.  Plot  of  In (A/ A  )  vs  ln(E) 
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FIGURE  11-18 .  Graph  Used  to  Measure  the  Area 
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The  area  of  the  central  part,  0.5  (low  energy  side)  < 

A/A  <  0.5  (high  energy  side),  was  estimated  by  numeri- 
max 

cal  integration  using  the  trapezoidal  method.  The  basic 
function  of  this  integration  was  obtained  from  an  APL 
public  subroutine  named  SPLINEHOW  (272)  and  using  a  step 
size  of  0.05  eV. 

The  area  under  the  high  energy  side,  0.5  <  A/A  < 

max 

°°,  was  obtained  by  integration  from  to  00 ,  using 

equation  [7]  as  a  basic  function,  where  E^^  is  the 

photon  energy  associated  with  50%  A/A  on  the  high 

max 

energy  side. 

The  area  of  each  deconvoluted  Gaussian  band  was 
calculated  using  equation  [5]  as  a  basic  function. 

D  . _ Irradiation  and  Dosimetry 

For  irradiation  of  samples  in  quartz  cells,  1.80 

MeV  electron  pulses  of  1.0  ys  duration  were  used.  These 

1 6 

pulses  normally  gave  doses  of  about  9  x  10  eV/g  (~2 
nc  SEM) .  The  beam  current  could  be  adjusted  to  give  a 
maximum  pulse  dose  of  about  3  x  10^  eV/g. 

The  dose  delivered  in  each  electron  pulse  was 
monitored  by  the  SEM  reading.  The  SEM  was  calibrated 
to  the  dose  received  by  a  sample  using  in  situ  actino- 
metry  (95)  . 

Routine  actinometry  used  the  optical  absorption 
produced  in  oxygen-saturated  5  mM  KSCN  aqueous  solution. 
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The  molar  absorptivity,  £ ,  (molar  extinction  coefficient) 

used  was  7500/M/cm  for  (SCN)^  at  478  nm  (273).  The 

wavelength  of  maximum  absorbance  (X  =  478  +  4  nm)  and 

max  — 

the  absorbance  were  independent  of  temperature  from  293 
to  332K  (95),  and  of  pressure  from  1  bar  to  2  kbar  (86). 

All  dosimetry  was  done  at  298K.  It  was  assumed  that 
G(OH)  =  2.8  in  the  bulk  solution  (273,274). 

The  dose  in  eV/g  was  calculated  from  the  absorbance 
measured  from  photographs  of  the  type  shown  in  Figure 
II-13-ii  using  [8] 

D  =  (A.N)/{e.G(OH) .b.d.lO}eV/g  [8] 

where  A  =  absorbance;  N  =  Avogadro’s  number;  £  =  molar 
absorptivity  =  7500/M/cm;  G(OH)  =  number  of  OH  radicals 
scavenged  by  SON  for  each  100  eV  of  dose  absorbed; 
b  =  path  length  of  analyzing  light,  and  d  =  density 
of  absorber. 
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RESULTS 


A.  Alcohol/Water  Mixture,  298K 

The  addition  of  water  to  an  alcohol  shifts  the 
optical  absorption  energy  of  solvated  electrons  in 
an  irregular  manner.  The  energy  at  the  E  for 

Am  cL  X 

electrons  in  water  mixtures  with  methanol,  ethanol, 

and  1-propanol  are  shown  in  Figure  III-l.  The  curves 

for  ethanol  and  1-propanol  have  a  minimum  at  10  mole 

%  water.  The  curve  for  methanol  does  not  show  a 

minimum,  although  it  has  a  greater  than  average 

slope  at  low  water  concentrations.  All  three  curves 

have  accentuated  slopes  near  the  pure  water  ends. 

The  behavior  of  (Ge  )*is  different  from  that 

max 

of  E .  .  There  is  a  maximum  in  each  of  the  Ge 

Amax  max 

curves  at  97%  water  (Figure  III-2).  There  is  also 
an  accentuated  slope  near  the  pure  alcohol  end  of 
the  curves . 

The  90  and  2  mole  %  solutions  were  thus  indicated 

as  significant  compositions  for  investigating  optical 

parameters  of  solvated  electrons.  The  value  of  E. 
v  Amax 

stayed  constant  for  solutions  between  70  and  30  mole 
%  of  each  alcohol,  so  50  mole  %  would  adequately  re¬ 
present  the  behavior  of  E  for  the  middle  range 

Amax 

of  alcohol/water  mixtures. 


*  see  page  86  footnote 
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. 


Amax 


FIGURE  III-l.  Plot  of  EAmax  vs  Composition: 

0,  methanol;  □,  ethanol;  A,  1-propanol 

The  methanol  and  ethanol  curves,  are  unpublished  re¬ 
sults  of  K.  N.  Jha,  1974. 
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The  eccentricity  of  behavior  of  both  E.  and 

Amax 

^£max  §reater  f°r  l_propanol  than  for  ethanol,  which 
is  in  turn  greater  than  that  for  methanol  (Figure  III- 
1  and  -2).  To  extend  the  study  of  the  effect  of 
molecular  structure,  measurements  were  made  on  systems 
containing,  in  most  cases,  100,  90,  50,  and  2  mole  % 
of  alcohols  having  different  carbon  skeletons. 


*  Footnote  for  Page  86 

G  is  the  number  of  solvated  electrons  observed  per  100 
eV  of  energy  absorbed  by  the  system. 

emax  t*ie  mo^ar  absorptivity  at  absorption  maximum. 
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B  . _ Spectrum  Shape 

1.  Effect  of  composition 
(a)  Methanol/Water 

A  variety  of  methanol/water  mixtures  have  been 
studied.  Emphasis,  however,  will  be  placed  on  the 
representative  100,  90,  50,  2  and  0  mole  %  alcohol 
compositions.  Spectra  obtained  for  solvated  electrons 
in  methanol  and  water  mixtures  of  these  compositions 
are  shown  in  Figure  III-3.  The  E  of  methanol 

AH1 3  X 

falls  at  1.98  eV  at  298K.  The  main  body  of  the  band 

is  moderately  skewed  towards  high  energy.  The  spectra 

of  solvated  electrons  in  the  aqueous  solutions  are 

similar  to  that  in  methanol.  The  E.  occur  at 

Amax 

lower  energies  than  in  methanol  and  decrease  as  the 
mole  %  of  methanol  decreases. 

The  spectrum  parameters,  which  are  listed  in 
Table  III-l,  include  measurements  for  a  variety  of 
compositions.  These  are  plotted  against  composition 
of  methanol/water  in  Figure  III-4,  along  with  some 
literature  values  (105)  for  comparison.  The  Wj  con- 
strict  as  the  mole  %  of  water  increases.  W,  con- 
stricts  sharply  as  mole  %  of  water  increases  to  50 
then  levels  off.  The  sharp  constriction  of  Wj  is 
due  mainly  to  the  decreasing  of  for  the  mole  % 


of  water  up  to  50. 
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2 

1 

1 

1 

1 

1 

0 

0 

0 

0 


E  (EV) 


E-ERMRX  (EV) 

FIGURE  III-3.  The  Optical  Absorption  Spectrum  of  Solvated 
Electrons  in  Me thanol/Wa ter  at  298K  and  Various  Compositions. 

A.  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B.  The  spectra  are  normalized  at  EA 

Amax 

□  ,  methanol;  0,  10  mole  %  water;  A,  50  mole  %  water; 

+,  98  mole  %  water;  Y  water. 
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TABLE  III-l 

Parameters  of  Solvated  Electrons  in  Methanol/Water  at  298K 


Code 

Composition 

^Amax 

'2 

W 

r 

wb 

w,  /w 

b 

No. 

Mole  %  Water 

eV 

eV 

eV 

eV 

Zl,  J1 

0.0 

1.97 

1.43 

0.49 

0.94 

1.92 

J2 

0.3 

1.95 

J3 

1.0 

1.94 

1.40 

0.47 

0.93 

1.98 

J4 

2.9 

1.94 

J5 

9.5 

1.91 

1.28 

0.46 

0.82 

1.78 

Z13,  J6 

10.0 

1.90 

1.26 

0.45 

0.81 

1.80 

J7 

25.6 

1.84 

J8 

45.0 

1.83 

0.96 

0.39 

0.57 

1.46 

Z18,  J9 

50.0 

1.83 

0.90 

0.37 

0.53 

1.43 

J10 

72.0 

1.83 

0.89 

0.39 

0.50 

1.28 

Jll 

91.2 

1.78 

J12 

96.9 

1.75 

0.85 

0.35 

0.50 

1.43 

Z22,  J13 

98.0 

1.72 

0.87 

0.34 

0.53 

1.56 

J14 

99.0 

1.76 

Z152,  J15 

100. 

1.73 

0.85 

0.36 

0.49 

1.36 

Z  (Code)  =  This  work 

J  (Code)  =  K.  N.  Jha’s  unpublished  data,  1974. 

In  < C | X | T> ,  C  represents  the  mol  %  water,  X  represents  the  alcohol 
and  T  the  temperature  K,  The  alcohols  are  represented  by  M  for 
methanol,  E  for  ethanol,  IP  for  1-propanol,  2P  for  2-propanol, 

IB  for  1-butanol,  iB  for  iso-butanol,  2B  for  2-butanol,  and  tB 
for  t-butanol.  The  water  is  represented  by  W. 


• 

PARAMETER  (eV) 


FIGURE  III-4.  Composition  Dependence  of  Spectrum  Parameters  in 


Methanol/Water . 


0,  E 

(  e 


A  ;  A,  Wi  ; 

Amax  V 

,  ▲  ) ,  ref.  105 . 


□  ,  W,  ;  v,  W  . 
b  r 
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(b)  Ethanol/Water 

Similar  to  the  case  of  the  methanol/water  system, 

representative  optical  absorption  spectra  of  solvated 

electrons  in  this  system  are  shown  in  Figure  III-5. 

The  E.  of  ethanol  falls  at  1.82  eV  at  298K.  The 
Amax 

main  body  of  the  band  is  also  moderately  skewed  to¬ 
wards  high  energy.  Spectra  obtained  for  its  aqueous 
solutions  are  similar  to  that  in  ethanol.  The 

Amax 

occur  at  lower  energies  than  in  ethanol,  but  in  con¬ 
trast  to  the  case  of  methanol,  do  not  decrease  regul¬ 
arly  as  mole  %  of  ethanol  decreases.  This  irregular¬ 
ity  is  observed  for  90  mole  %  of  ethanol  where  E, 

Amax 

is  the  lowest. 

Table  III-2  shows  the  parameters  obtained  from  a 

variety  of  ethanol/water  mixtures  which  have  been 

studied.  These  are  plotted  against  composition  of 

ethanol/water  in  Figure  III-6,  along  with  other 

values  (105)  from  the  literature  for  comparison.  For 

the  E.  ,  a  trough  is  observed  between  100  and  60 
Am  ci  x 

mole  %  of  ethanol,  in  contrast  to  the  curve  for 
me thanol/wa t er .  The  behavior  of  Wj  as  a  function  of 
composition  is  similar  to  the  results  in  methanol/ 
water  mixtures,  i.e.,  the  constriction  of  W,  due 
largely  to  the  decreasing  of  . 


. 


{S 


. 
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<C± I E I 298> 


E-EflMRX  (EV) 


FIGURE  III-5.  The  Optical  Absorption  Spectrum  of  Solvated  Electrons 
in  Ethanol/Water  at  293K  and  Various  Compositions. 

A.  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B.  The  spectra  are  normalized  at  E  .  □,  Ethanol;  0,  10  %  mole 

.  Am  3.X 

water;  a,  50  mole  %  water;  +,  98  %  mole  water;  Y,  water. 
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TABLE  I I I- 2 

Parameters  of  Solvated  Electrons  in  Ethanol/Water  at  298K 


Code 

Composition 

^Amax 

Wt- 

z 

W 

r 

wb 

VHr 

No. 

Mole  %  Water 

eV 

eV 

eV 

eV 

Z6, 

J16 

0.0 

1.82 

1.59 

0.51 

1.08 

2.12 

J17 

0.3 

1.80 

J18 

1.0 

1.77 

J19 

2.9 

1.75 

1.47 

0.52 

0.95 

1.83 

J20 

9.2 

1.72 

Z31, 

10.0 

1.71 

1.19 

0.45 

0.74 

1.64 

J21 

22.9 

1.74 

J22 

37.3 

1.77 

0.94 

0.40 

0.54 

1.35 

Z36, 

50.0 

1.77 

0.91 

0.37 

0.54 

1.46 

J23 

66.3 

1.79 

0.86 

0.33 

0.53 

1.61 

J24 

92.4 

1.76 

J25 

97.0 

1.77 

0.85 

0.36 

0.49 

1.36 

Z39, 

J26 

98.0 

1.75 

0.88 

0.36 

0.52 

1.44 

J27 

99.0 

1.75 

J28 

99.7 

1.75 

Z152 

,  J15 

100. 

1.73 

0.85 

0.36 

0.49 

1.36 

PARAMETER  (eV) 
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Er OH  MOLE  %  H20  H20 

FIGURE  I I I- 6.  Composition  Dependence  of  Spectrum  Parameters 
in  Ethanol/Water . 

°’  EAmax;  A’  V  D’  Wb;  V-  V 
(  0  ,  ▲  ) ,  ref.  105 . 
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(c)  1-Propanol/Water 

Figure  III-7  shows  representative  optical  absorp¬ 
tion  spectra  of  solvated  electrons  from  a  variety  of 
studies  of  1-propanol/water  mixtures.  The  absorption 
maximum  of  1-propanol  falls  at  1.95  eV  at  298K. 

Spectra  obtained  for  the  aqueous  solutions  are  similar 

to  that  in  1-propanol.  The  relation  of  E  to  mole 

Amd.  x 

%  composition  is  similar  to  that  found  for  ethanol, 

with  the  lowest  E.  at  90  mole  %  of  1-propanol. 

Amax 

Figure  III-7-B  shows  that  the  skew  in  the  high  energy 
side  of  the  spectra  decreases  as  mole  %  of  water  in¬ 
creases  to  50. 

The  parameters  obtained  from  Figure  III-7  as 
well  as  those  obtained  from  studies  of  other  compo¬ 
sitions  are  listed  in  Table  III-3  and  plotted  against 
composition  of  1-propanol/water  in  Figure  III-8.  A 
trough  is  again  observed  between  100  and  60  mole  % 
of  1-propanol.  The  behavior  of  Wj  as  a  function  of 

'Z 

composition  is  similar  to  the  results  in  ethanol/ 

water.  The  constriction  of  Wx  is  also  due  mainly 

"2 

to  the  decreasing  of  . 
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<C± | IP | 298> 


in  1-Propanol/Water  at  298K  and  Various  Compositions. 

A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B:  The  spectra  are  normalized  at  .  □,  1-propanol;  0,  10  mole 

%  water;  A,  50  mole  %  water;  +,  98  mole  %  water;  Y,  water. 
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TABLE  I I I- 3 


Parameters  of  Solvated 

Electrons 

in  1-Propanol/Wat 

er  at 

298K 

Code 

Composition 

^Amax 

W 

r 

wb 

w,  /W 
b  r 

No. 

Mole  %  Water 

eV 

eV 

eV 

eV 

Z7,  LI 

0.0 

1.95 

1.63 

0.52 

1.11 

2.13 

L2 

0.3 

1.92 

1.55 

0.50 

1.05 

2.10 

L3 

1.0 

1.88 

1.53 

0.50 

1.03 

2.06 

Z75 ,  L4 

3.0 

1.83 

1.46 

0.49 

0.97 

1.98 

Z76 

6.0 

1.76 

1.37 

0.45 

0.92 

2.04 

Z59,  L5 

10.0 

1.71 

1.24 

0.46 

0.78 

1.70 

Z78 

15.0 

1.74 

1.15 

0.44 

0.71 

1.61 

Z79 

20.0 

1.75 

1.11 

0.44 

0.67 

1.52 

Z80,  L6 

30.0 

1.78 

1.03 

0.42 

0.61 

1.45 

Z51 

50.0 

1.77 

0.92 

0.38 

0.54 

1.42 

L7 

60.0 

1.79 

0.88 

0.35 

0.53 

1.51 

L8 

90.0 

1.80 

0.84 

0.37 

0.47 

1.27 

L9 

97.0 

1.78 

0.85 

0.38 

0.47 

1.24 

Z57 

98.0 

1.75 

0.87 

0.37 

0.50 

1.35 

L10 

99.0 

1.76 

0.84 

0.36 

0.48 

1.33 

Z152,  Lll 

100. 

1.73 

0.85 

0.36 

0.49 

1.36 

L(code)  =  Preliminary  data  for  1-propanol  only 


- 
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1-PrOH  MOLE  %  H20  H20 


FIGURE  I I I- 8.  Composition  Dependence  of  Spectrum  Parameters  in 

1-Propanol/Water . 


0,  E 


'Amax’ 


A, 


W  • 
^2 


v,  wr. 
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(d)  2-Propanol/Water 

In  light  of  the  above  three  cases,  representative 
optical  absorption  spectra  of  solvated  electrons  in  2- 
propanol  and  its  aqueous  solutions  are  shown  in  Figure 
III-9.  The  of  2-propanol  falls  at  1.54  eV  at 

298K.  Spectra  obtained  for  its  water  mixtures  are 
similar  to  that  in  2-propanol.  The  E  occur  at 

AUla  X 

higher  energies  than  in  2-propanol,  in  contrast  to  the 
methanol,  ethanol  and  1-propanol  systems.  There  is 
another  contrast  in  the  low  energy  side  of  the  spectra, 
revealed  in  Figure  III-9-B.  The  low  energy  sides  line 
up  almost  exactly.  The  high  energy  sides  again  show  a 
decrease  in  skewness  as  mole  %  of  2-propanol  decreases, 
but  with  a  more  pronounced  change  between  pure  alcohol 
and  the  90  mole  %  solution. 

Parameters  obtained  from  the  study  of  various 
compositions  of  this  system  are  listed  in  Table  III-4. 
These  are  plotted  against  composition  of  2-propanol/ 
water  in  Figure  III-10.  Values  (105)  from  the  lit¬ 
erature  are  included  in  the  Figure.  The  E  increases 

AUla  X 

gradually  as  mole  %  water  increases  to  50  then  levels 
off.  Although  the  Wj  again  constricts  as  mole  %  of 
water  increases,  the  constriction  now  occurs  very 
sharply  as  mole  %  of  water  increases  to  10,  then 
gradually  as  mole  %  increases  from  10  to  50.  However, 
the  constriction  of  is  similar  to  those  in  the  other 
systems  and  is  again  due  mainly  to  the  decreasing  of  . 


' 
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<C± | 2P | 293> 


100. 


E  (EV) 


FIGURE  I I I- 9.  The  Optical  Absorption  Spectrum  of  Solvated  Electrons 
2-Propanol /Water  at  298K  and  Various  Compositions. 

A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B:  The  spectra  are  normalized  at  E 

Amax 

□  ,2-propanol;  0,  10  mole  %’ water;  a,  50  mole  %  water;  +,  98 
mole  %  water;  Y,  water. 
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TABLE  III-4 

Parameters  of  Solvated  Electrons  in  2-Propanol/Water  at  298K 


Code 

Composition 

^Amax 

No. 

Hole  %  Water 

eV 

Z8 

0.0 

1.52 

Z81 

3.0 

1.54 

Z82 

6.0 

1.56 

,  Z83 

10.0 

1.58 

Z84 

15.0 

1.61 

Z85 

20.0 

1.64 

Z86 

30.0 

1.68 

Z67 

50.0 

1.73 

Z72 

98.0 

1.75 

Z152 

100. 

1.73 

a? 

W 

r 

wb 

w,  /W 
b  r 

eV 

eV 

eV 

1.45 

0.44 

1.01 

2.30 

1.12 

0.42 

0.70 

1.67 

1.04 

0.40 

0.64 

1.60 

1.00 

0.40 

0.60 

1.50 

0.99 

0.39 

0.60 

1.54 

0.96 

0.40 

0.56 

1.40 

0.95 

0.39 

0.56 

1.44 

0.91 

0.37 

0.54 

1.46 

0.86 

0.36 

0.50 

1.39 

0.85 

0.36 

0.49 

1.36 

PARAMETER  (eV) 
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2-PrOH  MOLE  %  H20  H20 

FIGURE  III-10.  Composition  Dependence  of  Spectrum  Parameters 
in  2-Propanol/Water . 


0,  E 


Amax  ’ 


A, 


V,  W  . 
r 


(  Q  ,  ▲  ) ,  ref .  105. 
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(e)  1-Butanol/water 

Spectra  obtained  for  solvated  electrons  in  1-butan¬ 
ol  and  its  water  mixtures  are  shown  in  Figure  III-ll. 

The  E.  of  1-butanol  falls  at  1.98  eV  at  298K.  The 
Amax 

spectra  of  solvated  electrons  in  the  aqueous  solutions 

are  similar  to  that  in  1-butanol.  The  values  of  E. 

Amax 

are  lower  than  in  1-butanol.  The  relation  of  E, 

Amax 

to  mole  %  composition  is  similar  to  that  found  for 
ethanol,  and  1-propanol,  with  the  lowest  E^max 
observed  for  90  mole  %  of  1-butanol.  Figure  III-ll-B 
shows  that  the  skew  in  the  high  energy  side  of  the 
spectra  decreases  as  mole  %  water  increases  to  50.  On 
the  low  energy  side  the  shapes  are  quite  similar. 

The  parameters  obtained  from  Figure  III-ll  are 
listed  in  Table  III-5  and  are  plotted  against  compo¬ 
sition  of  1-butanol/water  in  Figure  III-12.  A  trough 
is  again  observed  between  100  and  60  mole  %  of  1- 

butanol.  The  behavior  of  Wj  as  a  function  of  compo- 

^2 

sition  is  similar  to  the  results  in  ethanol  (1-pro¬ 
panol)  /water  .  The  constriction  of  Wx  is  again  due 

"2 

mainly  to  the  decreasing  of  . 
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<Ci|lB|298> 


E  (EV) 


E-EflMRX  (EV) 


FIGURE  I I I- 11.  The  Optical  Absorption  Spectrum  of  Solvated  Electrons 
in  1-Butanol/Water  at  298K  and  Various  Compositions. 


A: 


B: 


Successive  spectra  are  displaced  vertically  by  0.2  units 


The  spectra  are;  normalized  at  E, 

Amax 


□,  1-Butanol,  0,  10  mole 


%  water; 


A,  50  mole  %  water;  +,  98  mole  %  water;  Y,  water. 
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TABLE  I I 1-5 

Parameters  of  Solvated  Electrons  in  1-Butanol / Water  at  298K 


Code 

Composition 

^Amax 

WL 

’a 

W 

r 

W./W 
b  r 

No. 

Hole  %  Water 

eV 

eV 

eV 

eV 

Z9 

0.0 

1.98 

1.57 

0.53 

1.04 

1.96 

Z126 

10.0 

1.73 

1.23 

0.45 

0.78 

1.73 

Z148 

50.0 

1.79 

0.88 

0.36 

0.52 

1.44 

Z122 

98.0 

1.74 

0.88 

0.36 

0.52 

1.44 

Z  152 

100. 

1.73 

0.85 

0.36 

0.49 

1.36 

PARAMETER  (eV) 
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1-BuOH  MOLE  %  H20  H20 

FIGURE  III-12.  Composition  Dependence  of  Spectrum  Parameters  in 
1-Butanol/Water . 


0,  E  ;  A,  Wj  ; 
Amax  V 


□  , 


V, 


W  . 
r 
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(f)  Iso-Butanol  ( 2-Me thy 1- 1-p r opano 1 ) / Wa t er 

The  optical  absorption  spectra  of  solvated  elect¬ 
rons  in  iso-butanol  and  its  water  mixtures  are  shown 

in  Figure  III-13.  The  E.  of  iso-butanol  falls  at 

Amax 

1.97  eV  at  298K.  Spectra  obtained  for  its  aqueous 

solutions  are  similar  to  that  in  iso-butanol.  The 

E  occur  at  lower  energies  than  in  iso-butanol. 

Ama  x 

The  relation  of  Et  to  mole  %  composition  is  similar 

Amax 

to  the  ethanol,  1-propanol,  and  1-butanol  systems, 

with  the  lowest  EA  observed  for  90  mole  %  of  iso- 

Amax 

butanol.  Figure  III-13-B  shows  that  the  skew  in  the 
high  energy  side  of  the  spectra  decreases  as  mole  % 
water  increases  to  50.  On  the  low  energy  side  the 
shapes  are  quite  similar. 

The  parameters  obtained  from  Figure  III-13,  which 
are  listed  in  Table  III-6,  are  plotted  against  compo¬ 
sition  of  iso-butanol/water  in  Figure  III-14.  A  trough 
is  again  observed  between  100  and  60  mole  %  of  iso¬ 
butanol.  The  behavior  of  as  a  function  of  compo- 

'Z 

sition  is  similar  to  the  results  in  ethanol  (1-pro¬ 
panol,  1-butanol) /water .  The  constriction  of  Wj  is 

'z 

again  due  mainly  to  the  decreasing  of  . 


I  - 


' 

>■ 
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<C± I  IB  I 298> 


E  (EV) 


FIGURE  I 11-13.  The  Optical  Absorption  Spectrum  of  Solvated  Electrons 
in  iso-Butanol/Watbr  at  298K  and  Various  Compositions. 

A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 


B: 


The  spectra  are  normalized  at  EA  .  n,  iso-Butanol 

Amax 

%  water;  A,  50  mole  %  water;  +,  98  mole  %  water;  Y, 


;  0,  10  mole 
water . 


■ 
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TABLE  I I I- 6 


Parameters  of  Solvated 

Electrons 

in  iso-Butanol/Wat 

er  at 

298K 

Code 

Composition 

^Amax 

W 

r 

H> 

W,  /W 
b 

No. 

Mole  %  Water 

eV 

eV 

eV 

eV 

Z10 

0.0 

1.97 

1.61 

0.57 

1.04 

1.82 

Z131 

10.0 

1.73 

1.18 

0.43 

0.75 

1.74 

Z145 

50.0 

1.78 

0.89 

0.36 

0.53 

1.47 

Z118 

98.0 

1.75 

0.86 

0.35 

0.51 

1.46 

Z152 

100. 

1.73 

0.85 

0.36 

0.49 

1.36 

PARAMETER  (eV) 
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0  20  40  60  80  100 

i-BuOH  MOLE  %  H20  H20 


FIGURE  III-14.  Composition  Dependence  of  Spectrum  Parameters  in 
iso-Butanol/Water . 


°-  EAmax;  A’  \  D>  Wb;  v’  Wr 


(g)  2-Butanol  (sec-Butyl  Alcohol) /Water 
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Spectra  obtained  for  solvated  electrons  in  2- 

butanol  and  its  water  mixtures  are  shown  in  Figure  HI- 

15.  The  E.  of  2-butanol  falls  at  1.59  eV  at  298K. 
Amax 

The  spectra  of  solvated  electrons  in  the  aqueous  solu¬ 
tions  are  similar  to  that  in  2-butanol.  The  E» 

Amax 

occur  at  higher  energies  than  in  2-butanol.  This  is 
similar  to  that  found  for  2-propanol,  but  differs  from 
the  case  of  either  methanol/water  or  ethanol  (1-pro- 
panol,  1-butanol,  isobutanol ) /water .  From  Figure  III- 
15-B,  it  can  be  seen  that  the  shapes  of  low  energy 
side  spectra  line  up  almost  exactly  and  that  the  high 
energy  sides  again  show  a  decrease  in  skewness  as  mole 
%  2-butanol  decreases,  but  with  a  more  pronounced 
change  between  pure  alcohol  and  the  90  mole  %  solution. 
This  is  again  similar  to  2-propanol  and  again  differs 
from  others . 

The  parameters  obtained  from  Figure  III-15,  which 
are  listed  in  Table  III-7,  are  plotted  against  compo¬ 
sition  of  2-butanol/water  in  Figure  III-16.  The 
increases  gradually  as  mole  %  water  increases  to  50, 
then  levels  off.  This  behavior  is  similar  to  that 

found  for  2-propanol.  Although  the  Wj  again  constricts 

"2 

as  mole  %  water  increases,  the  constriction  now  occurs 
very  sharply  as  mole  %  of  water  increases  to  10,  then 
gradually  as  mole  %  increases  from  10  to  50.  However, 
the  constriction  of  Wj  is  again  mainly  due  to  the  decreas- 
ing  of  W,  . 

D 


' 


. 
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<C± | 2B | 298> 
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E - E  R  M  R  X  ( E  V ) 

FIGURE  III-15.  The  Optical  Absorption  Spectrum  of  Solvated  Electrons 
in  2-Butanol/Water  at  298K  and  Various  Compositions. 

A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B:  The  spectra  are  normalized  at  EArn  .  □,  2-Butanol;  0,  10  mole 

%  water;  A,  50  mole  %  water;  +  98  mole  %  water;  Y,  water. 


■ 
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TABLE  I I I- 7 

Parameters  of  Solvated  Electrons 


Code 

Composition 

^Amax 

No. 

Mole  %  Water 

eV 

Z156 

0.0 

1.59 

Z136 

10.0 

1.65 

Z140 

50.0 

1.76 

Z114 

98.0 

1.75 

Z152 

100. 

1.73 

in  2-Butanol/Water  at  298K 


W 

r 

wb 

W./W 

b 

eV 

eV 

eV 

1.57 

0.47 

1.10 

2.34 

1.04 

0.46 

0.58 

1.26 

0.89 

0.36 

0.53 

1.47 

0.86 

0.35 

0.51 

1.46 

0.85 

0.36 

0.49 

1.36 

V 

■ 

PARAMETER  1  {eV) 
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FIGURE  III-16.  Composition  Dependence  of  Spectrum  Parameters  in 


2-Butanol/Water . 


0,  E  ;  A,  Wj  ;  □,  W  ;  v,  W  . 

Amax  H  b  r 
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(h)  tert-Butanol  ( 2-Me thy 1-2-propanol )/ Wat er 

The  optical  absorption  spectra  for  solvated  elect¬ 
rons  in  tert-butanol  and  its  aqueous  solutions  are  shown 
in  Figure  III-17.  The  E  of  tert-butanol  falls  at 

x\.lH  cL  X 

1.20  eV  at  298K.  The  band  is  less  skewed  than  are 
those  for  the  primary  alcohols.  Spectra  obtained  for 
its  water  mixtures  are  similar  to  that  in  tert-butanol. 
The  E  occur  at  higher  energies  than  in  tert-butanol. 

AIQ3  X 

This  is  similar  to  that  found  for  2-propanol  (2-butan¬ 
ol),  but  differs  from  others.  From  Figure  III-17-B, 
it  can  be  seen  that  the  shapes  of  both  low  energy  side 
and  high  energy  side  spectra  line  up  almost  exactly. 

This  differs  entirely  from  either  the  secondary  or  the 
primary  alcohols. 

The  parameters  obtained  from  Figure  III-17  are 
listed  in  Table  III-8  and  are  plotted  against  compo¬ 
sition  of  ter t-butanol /water  in  Figure  III-18.  The 

Ea  increases  sharply  as  mole  %  water  increases  to 

Amax 

50  and  gradually  to  100.  The  constricts  very 

"2 

slightly  as  mole  %  water  increases.  These  behaviors 
differ  from  all  other  alcohols  in  this  study. 


■ 
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<C± I tB I 298> 


•E-EflMRX  (  E  V  ) 

FIGURE  III-17.  The  Optical  Absorption  Spectrum  of  Solvated  Electrons 
in  tert-Butanol /Water  at  298K  and  Various  Compositions. 

A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B:  The  spectra  are  normalized  at  E  .  □,  t-Butanol;  0,  10  mole 

%  water;  a,  50  mole  %  water;  +,  98  mole  %  water;  Y,  water. 


H  I 
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TABLE  I I I- 8 

Parameters  of  Solvated  Electrons  in  t-Butanol/Water  at  298K 


Code 

Composition 

^Amax 

No. 

Mole  %  Water 

eV 

Z157 

0.0 

1.20 

Z103 

10.0 

1.44 

Z158 

50.0 

1.71 

Z110 

98.0 

1.75 

Z152 

100. 

1.73 

WL 

2. 

W 

r 

wb 

w./w 

b  r 

eV 

eV 

eV 

0.93 

0.37 

0.56 

1.51 

0.94 

0.37 

0.57 

1.54 

0.89 

0.37 

0.52 

1.41 

0.88 

0.36 

0.52 

1.44 

0.85 

0.36 

0.49 

1.36 

PARAMETER  (eV) 
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FIGURE  III-18.  Composition  Dependence  of  Spectrum  Parameters  in 
t-Butanol/Water . 
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Summary 

The  optical  absorption  spectra  for  solvated  elect¬ 
rons  in  alcohol/water  mixtures  are  skewed  towards  high 
energy.  The  skew  decreases  as  the  mole  %  of  water  in¬ 
creases  . 

Three  types  of  curve  were  observed  for  the  rela¬ 
tion  of  E  to  composition  (Figure  III-19): 

Aina  x 

(i)  For  methanol,  E^max  decreases  gradually  as  mole  % 
water  increases  to  50,  and  is  approximately  con¬ 
stant  until  95,  then  decreases  again; 

(ii)  For  the  primary  alcohols  (ethanol,  1-propanol, 

1-butanol,  iso-butanol),  E  decreases  rapidly 

to  a  minimum  at  around  10  mole  %  water,  then  in¬ 
creases  rapidly  to  around  30  mole  %  water,  fol¬ 
lowed  by  a  gradual  increase  until  50  mole  %. 

After  50  mole  %  water,  it  behaves  as  in  (i); 

(iii)  For  the  case  of  secondary  (2-propanol,  2-butanol) 

and  tertiary  ( ter t-butanol)  alcohols,  E  is  at 

Amax 

its  lowest  for  pure  alcohol,  then  increases 
sharply  as  mole  %  water  increases  to  50,  and 
gradually  until  95  where  it  again  behaves  as  in 
(i) .  In  the  region  of  0  to  50  mole  %  water,  how¬ 
ever,  the  increase  is  more  pronounced  for  terti¬ 
ary  than  for  secondary  alcohol. 
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FIGURE  III-19.  Composition  Dependence  of  E  for 

amax 

Alcohol/Water  Mixtures  at  298K. 


o>  Methanol;  A,  1-Propanol;  □,  2-Propanol;  V,  t- 
Butanol.  Shapes  for  other  primary  and  secondary  alco¬ 
hols  are  similar  to  that  for  A  and  □  ,  respectively. 
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The  curves  obtained  for  the  relation  of  W,  to 
composition,  except  for  ter t-butanol ,  all  show  a  region 
of  sharp  decrease  in  Wj  as  mole  %  water  increases  to  a 
certain  point,  then  a  very  gradual  decrease  or  levell¬ 
ing  off  for  the  remainder  of  the  curve  (Figure  III-20): 

(i)  For  methanol  and  the  primary  alcohols,  most  of 
the  decrease  occurs  up  to  50  mole  %  water,  and 
then  gradually  levels  off; 

(ii)  For  secondary  alcohols,  most  of  the  decrease 
occurs  up  to  10~15  mole  %  water  with  only  a 
slight  change  up  to  50  and  then  behaves  as 
in  (i); 

(iii)  For  the  tertiary  alcohol,  Wi  is  independent  of 

"2 

composition . 

From  Figure  III-21,  it  can  be  seen  that  in 
the  case  of  (i)  and  (ii) ,  the  sharp  decrease  in  W,  is 

'T. 

largely  accounted  for  by  the  decrease  of  ,  as  W^_ 
decreases  only  slightly  as  mole  %  water  increases. 


(A®) 
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FIGURE  III-20  Composition  Dependence  of  W,  for  Alcohol/ 

—  ^ 

Water  Mixtures  at  298K. 

1,  Methanol;  2,  n-Propanol;  3,  iso-Propanol ; 
4,  t-Butanol.  Shapes  for  other  primary 
and  secondary  alcohols  are  similar  to  that 
for  2,  and  for  3,  respectively. 


123  . 


FIGURE  I II- 21.  Composition  Dependence  of  W,  (part  A) 
-  b 

and  (part  B)  for  Alcohol/Water  Mixtures  at 

2  9  8K . 

1,  Methanol;  2,  n-Propanol;  3,  iso-Propanol ; 

4,  t-Butanol.  Shapes  for  other  primary  and 
secondary  alcohols  are  similar  to  that  for  2,  and 
for  3,  respectively. 
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2  . _ Effect  of  Temperature 

In  order  to  study  the  effect  of  temperature  upon 
the  optical  spectrum  parameters  of  solvated  electrons, 
measurements  were  made  on  the  0,  10,  50,  98  and  100  mole 
%  water  solutions  of  eight  alcohols  at  temperatures 
from  near  the  freezing  point  to  near  the  boiling  point 
of  each.  The  results  for  each  alcohol,  including  the 
temperature  coefficient  for  the  parameters,  are  summar¬ 
ized  in  Table  III-10  to  -17.  The  results  for  water  are 
listed  in  Table  III-9.  For  each  alcohol/water  solution, 
three  figures  are  used  to  illustrate  the  finds.  The 
first  figure  contains  the  entire  spectrum  for  each  tem¬ 
perature,  showing  the  change  in  E  .  The  second 

Ama  x 

figure  contains  these  spectra  normalized  at 
allowing  comparison  of  spectrum  shape  and  of  .  The 
final  figure  for  each  solution  contains  a  plot  of  the 
parameters  against  temperature.  The  first  and  second 
figures  are  presented  in  the  same  page.  These  figures 
are  shown  in  Figure  III-22  to  -87. 
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TABLE  III-9 


Parameters  of  Solvent  Electrons  in  Water  at  Different  Temperatures 


<ioo|w|t.> 

Code  No. 

Z155 

Z152 

Z153 

Z154 

(dX/dT)* 

Unit 

meV/K 

T 

K 

273 

298 

350 

373 

^Amax 

eV 

1.80 

1.73 

1.61 

1.57 

-2.42 

2 

eV 

0.84 

0.85 

0.89 

0.90 

0.68 

w 

r 

eV 

0.35 

0.36 

0.39 

0.41 

0.57 

wb 

eV 

0.49 

0.49 

0.50 

0.50 

0.11 

Wb/Wr 

1.40 

1.36 

1.28 

1.22 

* 


The  temperature  coefficient  of  X, 

parameters  E.  ,  W,  ,  W  and  W,  , 

^  Amax*  h  r  b 


where  X  represents 
respectively. 


the 
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TABLE  I I 1-10 

Parameters  of  Solvated  Electrons  in  Methanol/Water  at  Different 


Temperatures 


<o|m|t  > 

Code  No. 

Z5 

Z4 

Z3 

Z1 

Z2 

dX/dT 

Unit 

meV/K 

T 

K 

180 

200 

250 

298 

350 

^Amax 

eV 

2.26 

2.21 

2.10 

1.98 

1.78 

-2.71 

eV 

1.24 

1.23 

1.33 

1.43 

1.44 

1.32 

W 

r 

eV 

0.41 

0.41 

0.46 

0.50 

0.45 

0.35 

wb 

eV 

0.83 

0.82 

0.87 

0.93 

0.99 

0.97 

wb/wr 

2.02 

2.00 

1.89 

1.86 

2.20 

<io|m|t.> 

1  1  X 

Code  No. 

Z16 

Z15 

Z14 

Z13 

Z17 

T 

K 

180 

200 

250 

298 

350 

^Amax 

eV 

2.27 

2.24 

2.10 

1.90 

1.71 

-3.39 

eV 

1.10 

1.11 

1.23 

1.26 

1.26 

1.04 

W 

r 

eV 

0.37 

0.41 

0.45 

0.45 

0.45 

0.42 

wb 

eV 

0.73 

0.70 

0.78 

0.81 

0.81 

0.63 

Vwr 

1.97 

1.71 

1.73 

1.80 

1.80 

(continued) 


••n 

■ 
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TABLE  10  (continued) 


<50 | M | T±> 

Code  No. 

Z20 

Z19 

Z18 

Z21 

T 

K 

200 

250 

298 

350 

^Amax 

eV 

2.11 

1.98 

1.83 

1.67 

-2.95 

WL 

eV 

0.84 

0.86 

0.90 

0.94 

0.67 

W 

r 

eV 

0.29 

0.33 

0.37 

0.38 

0.65 

wb 

eV 

0.55 

0.53 

0.53 

0.56 

0.02 

VWr 

1.90 

1.61 

1.43 

1.47 

Code  No. 

Z23 

Z22 

Z24 

Z25 

<98 |M|T  > 

T 

K 

273 

298 

350 

370 

^Amax 

eV 

1.80 

1.72 

1.60 

1.56 

-2.47 

eV 

0.81 

0.87 

0.86 

0.90 

0.70 

W 

r 

eV 

0.32 

0.34 

0.35 

0.39 

0.60 

wb 

eV 

0.49 

0.53 

0.51 

0.51 

0.10 

1.53  1.56  1.46  1.31 
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TABLE  III-ll 

Parameters  of  Solvated  Electrons  in  Ethanol/Water  at  Different 


Temperatures 


<0  I E 1 T . > 

1  1  l 

Code  No. 

Z28 

Z27 

Z26 

Z6 

Z29 

dX/dT 

Unit 

meV/K 

T 

K 

160 

200 

250 

298 

350 

^Amax 

eV 

2.25 

2.12 

1.98 

1.82 

1.65 

-3.13 

eV 

1.50 

1.53 

1.56 

1.60 

1.56 

0.36 

w 

r 

eV 

0.46 

0.46 

0.46 

0.48 

0.49 

0.16 

wb 

eV 

1.04 

1.07 

1.10 

1.12 

1.07 

0.20 

VWr 

2.26 

2.33 

2.39 

2.33 

2.24 

<10 1 E | T±> 

Code  No. 

Z34 

Z33 

Z32 

Z31 

Z30 

T 

K 

160 

200 

250 

298 

350 

^Amax 

eV 

2.31 

2.14 

1.93 

1.71 

1.55 

-4.04 

'Z 

eV 

1.41 

1.37 

1*33 

1.19 

1.15 

-1.47 

w 

r 

eV 

0.49 

0.45 

0.45 

0.45 

0.44 

-0.23 

wb 

eV 

0.92 

0.92 

0.88 

0.74 

0.71 

-1.24 

Wb/Wr 

1.87 

2.04 

1.95 

1.64 

1.61 

(continued) 


^ .  ■ 
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TABLE  III-ll  (continued) 


Code  No.  Z38  Z37  Z36  Z35 


-L 

T 

K 

222 

250 

298 

350 

^Amax 

eV 

2.04 

1.94 

1.77 

1.61 

-3.37 

eV 

0.88 

0.89 

0.91 

0.90 

0.16 

W 

r 

eV 

0.36 

0.36 

0.37 

0.38 

0.14 

wb 

eV 

0.52 

0.53 

0.54 

0.52 

0.02 

Vwr 

1.44 

1.47 

1.46 

1.31 

<98 I E I T . > 

1  1  l 

Code  No. 

Z40 

Z39 

Z41 

Z42 

T 

K 

273 

298 

350 

366 

^Amax 

eV 

1.80 

1.75 

1.61 

1.58 

-2.49 

eV 

0.83 

0.88 

0.88 

0.90 

0.68 

W 

r 

eV 

0.32 

0.36 

0.37 

0.39 

0.59 

wb 

eV 

0.51 

0.52 

0.51 

0.51 

0.08 

1.59  1.44  1.38  1.31 


■ 
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TABLE  I I I- 12 

Parameters  of  Solvated  Electrons  in  1-Propanol/Water  at  Different 


Temperatures 


Code  No. 

Z47 

Z46 

Z45 

Z7 

Z43 

Z44 

<0 | IP | 

T .  > 

dX/dT 

1 

Unit 

meV/K 

T 

K 

150 

200 

250 

298 

350 

369 

^Amax 

eV 

2.41 

2.30 

2.14 

1.95 

1.78 

1.71 

-3.28 

eV 

1.51 

1.56 

1.60 

1.63 

1.69 

1.70 

0.85 

W 

r 

eV 

0.55 

0.57 

0.57 

0.53 

0.59 

0.62 

0.26 

wb 

eV 

0.96 

0.99 

1.03 

1.10 

1.10 

1.08 

0.59 

VWr 

1.75 

1.74 

1.81 

2.08 

1.86 

1.74 

Code  No. 

Z61 

Z60 

Z59 

Z62 

<10|lP 

|t.> 

JL 

T 

K 

200 

250 

298 

350 

^Amax 

eV 

2.20 

1.98 

1.72 

1.57 

-4.22 

'Z 

eV 

1.37 

1.33 

1.24 

1.14 

-1.59 

W 

r 

eV 

0.50 

0.50 

0.47 

0.44 

-0.42 

wb 

eV 

0.87 

0.83 

0.72 

0.70 

-1.17 

Wb/Wr 

1.74 

1.66 

1.63 

1.59 

(continued) 
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TABLE  111-12  (continued) 


<50 | IP 

T 

Code  No. 

|t.> 

Z52 

Z  51 

Z53 

Z54 

i 

K 

260 

298 

350 

360 

^Amax 

eV 

1.91 

1.77 

1.61 

1.58 

-3.28 

*> 

eV 

0.91 

0.92 

0.91 

0.90 

-0.06 

W 

eV 

0.38 

0.38 

0.37 

0.36 

-0.14 

r 

wb 

eV 

0.53 

0.54 

0.54 

0.54 

0.08 

VWr 

1.39 

1.42 

1.46 

1.50 

<98 | IP 

Code  No. 

|t  > 

Z58 

Z57 

Z55 

Z56 

T 

1 

K 

273 

298 

350 

363 

^Amax 

eV 

1.81 

1.75 

1.61 

1.59 

-2.55 

'2 

eV 

0.85 

0.87 

0.87 

0.90 

0.67 

w 

r 

eV 

0.34 

0.37 

0.37 

0.39 

0.63 

wb 

eV 

0.51 

0.50 

0.50 

0.51 

0.04 

Vw 


1.50  1.35  1.35  1.31 
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TABLE  I I 1-13 

Parameters  of  Solvated  Electrons  in  2-Propanol/Water  at 


Different  Temperatures 


<0 1 2P | T±> 

Code  No. 

Z49 

Z48 

Z8 

Z50 

dX/dT 

Unit 

meV/K 

T 

K 

200 

250 

298 

350 

^Amax 

eV 

1.97 

1.76 

1.52 

1.28 

-4.42 

2 

eV 

1.47 

1.43 

1.45 

1.39 

-1.93 

w 

r 

eV 

0.44 

0.42 

0.44 

0.42 

-0.12 

wb 

eV 

1.03 

1.01 

1.01 

0.97 

-0.47 

Wb/Wr 

2.34 

2.40 

2.30 

2.31 

<10|2P|T  > 

Code  No. 

Z64 

Z63 

Z65 

Z66 

T 

K 

200 

250 

298 

350 

^Amax 

eV 

1.91 

1.72 

1.58 

1.42 

-3.53 

WL 

^2 

eV 

1.16 

1.09 

1.00 

0.97 

-1.30 

w 

r 

eV 

0.43 

0.44 

0.40 

0.38 

-0.36 

wb 

eV 

0.73 

0.65 

0.60 

0.59 

-0.94 

Wb/Wr 

1.70 

1.48 

1.50 

1.55 

(continued) 
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TABLE  III-13  (continued) 


<50 | 2P 

T 

Code  No. 

|t  > 

Z70 

Z67 

Z68 

Z69 

1 

K 

250 

298 

339 

352 

^Amax 

eV 

1.93 

1.73 

1.65 

1.57 

-3.44 

Wj 

eV 

0.89 

0.91 

0.89 

0.89 

-0.07 

h 

w 

r 

eV 

0.39 

0.37 

0.39 

0.38 

-0.08 

wb 

eV 

0.50 

0.54 

0.51 

0.51 

0.01 

VWr 

1.28 

1.46 

1.31 

1.34 

Code  No. 

Z71 

Z72 

Z73 

Z74 

<98 | 2P 

|t  > 

1 

T 

K 

273 

298 

339 

360 

^Amax 

eV 

1.81 

1.75 

1.65 

1.59 

-2.63 

eV 

0.84 

0.86 

0.87 

0.88 

0.49 

W 

eV 

0.34 

0.36 

0.35 

0.39 

0.42 

r 

W, 

eV 

0.50 

0.50 

0.52 

0.49 

0.07 

b 

1.47  1.39  1.49  1.26 


134 


TABLE  I I I- 14 

Parameters  of  Solvated  Electrons  in  1-Butanol/Water 


at  Different  Temperatures 


<0 1  IB |  ■ 

Code  No. 

Z87 

Z88 

Z9 

Z89 

Z90 

dX/dT 

i . " 
i 

Unit 

meV/K 

T 

K 

200 

250 

298 

350 

388 

^Amax 

eV 

2.30 

2.14 

1.98 

1.79 

1.64 

-3.49 

*2 

eV 

1.49 

1.58 

1.57 

1.69 

1.64 

0.90 

w 

r 

eV 

0.55 

0.57 

0.53 

0.58 

0.63 

0.39 

wb 

eV 

0.94 

1.01 

1.04 

1.11 

1.01 

0.51 

W,  /W 

1.71 

1.77 

1.96 

1.91 

1.60 

b  r 

Code  No. 

Z130 

Z129 

Z126 

Z127 

Z128 

<10 | IB 

|t  > 

1 

T 

K 

200 

250 

298 

350 

373 

^Amax 

eV 

2.22 

1.99 

1.73 

1.56 

1.49 

-4.26 

Wj, 

eV 

1.37 

1.35 

1.23 

1.13 

1.10 

-1.71 

w 

eV 

0.48 

0.52 

0.45 

0.42 

0.42 

-0.49 

r 

wb 

eV 

0.89 

0.83 

0.78 

0.71 

0.68 

-1.23 

w,  /w 

1.85 

1.60 

1.73 

1.69 

1.62 

b  r 

(continued) 
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TABLE  III-14  (continued) 


<50 1  IB  |  T±: 

T 

Code  No. 

> 

Z148 

Z149 

Z150 

Z151 

K 

298 

325 

350 

364 

^Amax 

eV 

1.79 

1.69 

1.62 

1.57 

-3.35 

Wj 

eV 

0.88 

0.89 

0.93 

0.91 

0.60 

h 

w 

eV 

0.36 

0.36 

0.39 

0.39 

0.53 

r 

wb 

eV 

0.52 

0.53 

0.54 

0.52 

0.06 

Wb/Wr 

1.44 

1.47 

1.38 

1.33 

Code  No. 

Z123 

Z122 

Z124 

Z125 

<98 1 IB  It . > 

1  '  l 

T 

K 

273 

298 

350 

363 

^Amax 

eV 

1.79 

1.74 

1.60 

1.56 

-2.69 

% 

eV 

0.83 

0.88 

0.89 

0.90 

0.66 

W 

r 

eV 

0.32 

0.36 

0.37 

0.38 

0.62 

wb 

eV 

0.51 

0.52 

0.52 

0.52 

0.04 

Vw 


r 


1.59  1.44  1.41  1.37 
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TABLE  III-15 

Parameters  of  Solvated  Electrons  in  iso-Butanol/Water  at 


Different  Temperatures 


<0 | iB | T±> 

Code  No. 

Z95 

Z94 

Z93 

Z10 

Z91 

Z92 

dX/dT 

Unit 

meV/K 

T 

K 

170 

200 

250 

298 

350 

378 

^Amax 

eV 

2.42 

2.36 

2.17 

1.97 

1.79 

1.60 

-3.86 

eV 

1.56 

1.48 

1.57 

1.61 

1.64 

1.66 

0.68 

W 

r 

eV 

0.63 

0.55 

0.56 

0.57 

0.61 

0.65 

0.20 

wb 

eV 

0.93 

0.93 

1.01 

1.04 

1.03 

1.01 

0.47 

wb/wr 

1.48 

1.69 

1.80 

1.82 

1.69 

1.55 

<10 | iB | T±> 

Code  No. 

Z135 

Z134 

Z131 

Z132 

Z133 

T 

K 

200 

250 

298 

350 

365 

^Amax 

eV 

2.22 

1.96 

1.73 

1.55 

1.49 

-4.37 

WL 

^2 

eV 

1.44 

1.25 

1.18 

1.13 

1.08 

-1.96 

w 

r 

eV 

0.48 

0.48 

0.43 

0.42 

0.41 

-0.48 

wb 

eV 

0.96 

0.77 

0.75 

0.71 

0.67 

-1.48 

w,  /w 

2.00 

1.60 

1.74 

1.69 

1.63 

b'  r 


(continued) 
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TABLE  III-15  (continued) 


<50 | iB 

Code  No. 

|t.> 

Z144 

Z145 

Z146 

Z147 

1 

T 

K 

286 

298 

325 

350 

^Amax 

eV 

1.82 

1.78 

1.68 

1.60 

-3.55 

z 

eV 

0.91 

0.89 

0.89 

0.89 

-0.23 

W 

eV 

0.38 

0.36 

0.36 

0.36 

-0.21 

r 

”b 

eV 

0.53 

0.53 

0.53 

0.53 

0. 

Wb/Wr 

1.39 

1.47 

1.47 

1.47 

Code  No. 

Z119 

Z118 

Z120 

Z121 

<98 | iB 

|t.> 

X 

T 

K 

273 

298 

350 

363 

^Amax 

eV 

1.81 

1.75 

1.61 

1.57 

-2.70 

eV 

0.84 

0.86 

0.90 

0.89 

0.57 

W 

eV 

0.33 

0.35 

0.39 

0.37 

0.51 

r 

eV 

0.51 

0.51 

0.51 

0.52 

0.06 

Vw 


r 


I.55  1.46  1.31  1.41 


. 

138 


TABLE  I I I- 16 

Parameters  of  Solvated  Electrons  in  2-Butanol/Water  at 


Different  Temperatures 


Code  No. 

Z100 

Z99 

Z98 

Z156 

Z96 

Z97 

<0 | 2B | 

v 

dX/dT 

meV/K 

Unit 

T 

K 

163 

200 

250 

298 

350 

370 

^Amax 

eV 

2.23 

2.05 

1.87 

1.59 

1.39 

1.28 

-4.45 

"2 

eV 

1.88 

1.86 

1.72 

1.57 

1.48 

1.42 

-2.34 

w 

r 

eV 

0.61 

0.61 

0.51 

0.47 

0.50 

0.48 

-0.66 

wb 

eV 

1.27 

1.25 

1.21 

1.10 

0.98 

0.94 

-1.68 

Wb/Wr 

2.08 

2.05 

2.37 

2.34 

1.96 

1.96 

Code  No. 

Z139 

Z138 

Z136 

Z137 

<10 | 2B 

It  > 

1 

T 

K 

200 

250 

298 

350 

^Amax 

eV 

2.01 

1.81 

1.65 

1.44 

-3.76 

*2 

eV 

1.16 

1.04 

1.04 

0.94 

-1.33 

W 

r 

eV 

0.50 

0.45 

0.46 

0.34 

-0.90 

wb 

eV 

0.66 

0.59 

0.58 

0.60 

-0.43 

wb/wr 

1.32 

1.31 

1.26 

1.76 

(continued) 
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TABLE  III-16  (continued) 


Code  No.  Z143  Z140  Z141  Z142 

<50 1 2B It . > 

I  I  x  - 


T 

K 

273 

298 

325 

350 

^Amax 

eV 

1.84 

1.76 

1.62 

1.57 

-3.40 

'2. 

eV 

0.89 

0.89 

0.88 

0.88 

-0.10 

w 

r 

eV 

0.36 

0.36 

0.34 

0.35 

-0.11 

wb 

eV 

0.53 

0.53 

0.54 

0.53 

0.01 

Hb/Wr 

1.47 

1.47 

1.59 

1.51 

Code  No. 

Z115 

Z114 

Z116 

Z117 

<98 1 2B  j 

|T  > 

X 

T 

K 

273 

298 

350 

370 

^Amax 

eV 

1.82 

1.75 

1.59 

1.55 

-2.75 

eV 

0.83 

0.86 

0.88 

0.89 

0.50 

w 

r 

eV 

0.34 

0.35 

0.37 

0.38 

0.39 

wb 

eV 

0.49 

0.51 

0.51 

0.51 

0.11 

VWr 

1.44 

1.46 

1.38 

1.34 
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TABLE  I I I- 17 

Parameters  of  Solvated  Electrons  in  tert-Butanol/Water 


at  Different  Temperatures 


<0 1 tB 1 T . > 

1  1  l 

Code  No. 

Z157 

Z101 

Z102 

dX/dT 

Unit 

meV/K 

T 

K 

298 

325 

350 

^Amax 

eV 

1.20 

1.10 

0.99 

-4.80 

\ 

eV 

0.93 

0.97 

0.82 

-2.30 

W 

r 

eV 

0.37 

0.35 

0.31 

-0.98 

V 

eV 

0.56 

0.62 

0.51 

-1.32 

VWr 

1.51 

1.77 

1.65 

<10 1 tB  j  T±> 

Code  No. 

Z103 

Z104 

Z105 

T 

K 

298 

325 

350 

^Amax 

eV 

1.44 

1.33 

1.24 

-3.84 

^2 

eV 

0.94 

0.93 

0.91 

-0.70 

w 

r 

eV 

0.37 

0.34 

0.36 

-0.32 

wb 

eV 

0.57 

0.59 

0.55 

-0.38 

Wb/Wr 

1.54 

1.74 

1.53 

(continued) 
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TABLE  III-17  (continued) 


Code  No.  Z109  Z158  Z107  Z108 

<50 | tB | T±> _ 


T 

K 

273 

298 

350 

368 

^Amax 

eV 

1.82 

1.71 

1.55 

1.48 

-3.47 

w% 

eV 

0.86 

0.89 

0.87 

0.87 

0.05 

W 

r 

eV 

0.36 

0.37 

0.36 

0.38 

0.09 

wb 

eV 

0.50 

0.52 

0.51 

0.49 

-0.04 

VWr 

1.39  1.41 

1.42 

1.29 

Code  No. 

Z113  Z110 

Zlll 

Z112 

<98 | tB | T±> 


T 

K 

273 

298 

350 

370 

^Amax 

eV 

1.82 

1.75 

1.59 

1.54 

-2.89 

eV 

0.83 

0.88 

0.83 

0.89 

0.31 

w 

r 

eV 

0.34 

0.36 

0.34 

0.38 

0.20 

wb 

eV 

0.49 

0.52 

0.49 

0.51 

0.11 

Hb/W 


1.44  1.44  1.44  1.34 
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2. 


E  (EV) 


E-ERMflX  (EV) 

FIGURE  I I 1-22.  The  Optical  Absorption  Spectrum  of  Solvated  Electrons 
in  Water  at  Different  Temperatures. 

A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B:  The  spectra  are  normalized  at  E.  .  □,  273K’  0  298K* 

Amax  *  * 

A,  350K;  +,  373K. 
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T  (K) 


FIGURE  III-23.  Temperature  Dependence  of  Spectrum  Parameters 
in  Water. 
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rons  in  Methanol  at  Different  Temperatures. 

A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B:  The  spectra  are  normalized  at  E  .  □  ,  180K;  0,  200K; 

A,  250K;  +,  298K;  Y,  350K. 
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FIGURE  III-25.  Temperature  Dependence  of  Spectrum  Parameters 
in  Methanol. 
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<10  I M | T±> 


E-ERMRX  (EV) 

FIGURE _ III-26 .  The  Optical  Absorption  Spectrum  of  Solvated  Electrons 

in  a  Solution  of  10  Mole  %  Water  in  Methanol  at  Different  Temperatures. 
A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B:  The  spectra  are  normalized  at  E^  .  □,  180K;  0,  200K;  a,  250K; 

+,  298K;  Y,  350K. 
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1-27 .  Temperature  Dependence  of  Spectrum  Parameters 


tion  of  10  Mole  %  Water  in  Methanol. 
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FIGURE  III-28 .  The  Optical  Absorption  Spectrum  of  Solvated  Electrons 
in  a  Solution  of  50  Mole  %  Water  in  Methanol  at  Different  Temperatures. 
A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 


B: 


The  spectra  are  normalized  at  E^^  .  □  ,  200K;  0,  250K;  A,  298K; 


+,  350K. 
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— *  Temperature  Dependence  of  Spectrum  Parameters  in 
of  50  Mole  %  Water  in  Methanol. 
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<93  I M I T  > 


E-EflMRX  (EV) 

FIGURE  III-30.  The  Optical  Absorption  Spectrum  of  Solvated  Electrons  in 
a  Solution  of  98  Mole  %  Water  in  Methanol  at  Different  Temperatures. 

A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B:  The  spectra  are  normalized  at  □,  273K;  0,  298K;  A,  350K; 

+,  370K. 
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FIGURE  HI-31.  Temperature  Dependence  of  Spectrum  Parameters  in 
a  Solution  of  98  Mole  %  Water  in  Methanol. 
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FIGURE  III- 32.  The  Optical  Absorption  Spectrum  of  Solvated  Electrons  in 
Ethanol  at  Different  Temperatures. 

A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B:  The  spectra  are  normalized  at  E^^.  □,  160K;  0,  2O0K;  a,  250K; 

+,  298K;  Y,  350K. 
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FIGURE  III  33.  Temperature  Dependence  of  Spectrum  Parameters  in 
Ethanol . 
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<10  E  T . > 

1  1  l 


a  Solution  of  10  Mole  %  Water  in  Ethanol  at  Different  Temperatures. 


A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B:  The  spectra  are  normalized  at  E  .  □,  160K;  0,  200K;  A,  250K; 

AITI  3.X 

+,  298K;  Y,  350K. 
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FIGURE  I I I- 35.  Temperature  Dependence  of  Spectrum  Parameters  in 
a  Solution  of  10  Mole  %  Water  in  Ethanol. 
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FIGURE  III-36.  The  Optical  Absorption  Spectrum  of  Solvated  Electrons  in 
a  Solution  of  50  Mole  %  Water  in  Ethanol  at  Different  Temperatures. 

A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B:  The  spectra  are  normalized  at  EAmax*  □  ,  222K;  0,  250K;  A,  298K; 

+  ,  350K. 
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Z*  Temperature  Dependence  of  Spectrum  Parameters  in 

f  50  Mole  %  Water  in  Ethanol. 
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FIGURE  III-38.  The  Optical  Absorption  Spectrum  of  Solvated  Electrons  in 
a  Solution  of  98  Hole  %  Water  in  Ethanol  at  Different  Temperatures. 

A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B:  The  spectra  are  normalized  at  EAmax*  □,  273K;  0,  298K;  A,  350K; 

+  ,  366K. 
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FIGURE  III-39 .  Temperature  Dependence  of  Spectrum  Parameters  in  a 
Solution  of  98  Mole  %  Water  in  Ethanol. 
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FIGURE  III-40 .  The  Optical  Absorption  Spectrum  of  Solvated  Electrons  in 
1-Propanol  at  Different  Temperatures. 

A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B:  The  spectra  are  normalized  at  E^^.  □,  150K;  0,  200K;  A,  250K; 

+,  298K;  Y,  350K;  X,  369K. 
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FIGURE  III-41.  Temperature  Dependence  of  Spectrum  Parameters  in 
1-Propanol . 
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~GERE  111-42 -  The  Optical  Absorption  Spectrum  of  Solvated  Electrons  in 
a  Solution  of  10  Mole  %  Water  in  1-Propanol  at  Different  Temperatures. 
A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B:  The  spectra  are  normalized  at  □,  200K;  0,  250K;  A,  298K; 

+,  35 OK. 
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FIGURE  III-43.  Temperature  Dependence  of  Spectrum  Parameters  in 
a  Solution  of  10  Mole  %  Water  in  1-Propanol. 
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FIGURE  III-44.  The  Optical  Absorption  Spectrum  of  Solvated  Electrons 
in  a  Solution  of  50  Mole  %  Water  in  1-Propanol  at  Different  Temperatures. 
A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B:  The  spectra  are  normalized  at  E^  .  □,  260K;  0,  298K;  A,  350K; 

+,  360K. 
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k5.  Temperature  Dependence  of  Spectrum  Parameters 
f  50  Mole  %  Water  in  1-Propanol. 
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a  Solution  of  98  Mole  %  Water  in  1-Propanol  at  Different  Temperatures. 
A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B:  The  spectra  are  normalized  at  E  .  □,  273K,  0,  298K;  a,  350K; 

+,  363K. 
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FIGURE  III-47.  Temperature  Dependence  of  Spectrum  Parameters  in  a 
Solution  of  98  Mole  7.  Water  in  1-Propanol. 
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2-Propanol  at  Different  Temperatures. 

A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B:  The  spectra  are  normalized  at  .  □,  200K;  0,  250K;  a, 

+,  350K. 
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FTCIJRE  III-50.  The  Optical  Absorption  Spectrum  of  Solvated  Electrons  in 
a  Solution  of  10  Mole  %  Water  in  2-Propanol  at  Different  Temperatures. 
A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B:  The  spectra  are  normalized  at  EAmax*  200K;  0,  250K;  A,  298K; 

+  ,'  350K. 
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.  Temperature  Dependence  of  Spectrum  Parameters  in  a 

0  Mole  %  Water  in  2-Propanol. 
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FIGURE  III-52.  The  Optical  Absorption  Spectrum  of  Solvated  Electrons  in 
a  Solution  of  50  Mole  %  Water  in  2-Propanol  at  Different  Temperatures. 
A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B:  The  spectra  are  normalized  at  E^^.  □,  250K;  0,  298K;  A,  339K; 

+,  352K. 
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FIGURE  III-53.  Temperature  Dependence  of  Spectrum  Parameters  in  a 
Solution  of  50  Mole  %  Water  in  2-Propanol. 
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a  Solution  of  98  Mole  /  Water  in  2— Propanol  at  Different  Temperatures. 
A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B:  The  spectra  are  normalized  at  EAmax*  □  ,  273K;  0,  298K;  A,  339K; 
+,  360K. 
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FIGURE  III-55.  Temperature  Dependence  of  Spectrum  Parameters  in  a 
Solution  of  98  Mole  %  Water  in  2-Propanol. 
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FIGURE  HI-56.  The  Optical  Absorption  Spectrum  of  Solvated  Electrons  in 
1— Butanol  at  Different  Temperatures. 

A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B:  The  spectra  are  normalized  at  E^^.  □ ,  200K;  0,  250K:  A,  298K; 

+,  350K;  Y,  388K. 
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FIGURE  III-57.  Temperature  Dependence  of  Spectrum  Parameters  in 
1-Butanol. 
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FIGURE  III-58.  The  Optical  Absorption  Spectrum  of  Solvated  Electrons  in 
a  Solution  of  10  Mole  %  Water  in  1— Butanol  at  Different  Temperatures. 

A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B:  The  spectra  are  normalized  at  E  .  □,  200K;  0,  250K;  A,  298K; 

+,  350K;  Y,  373K. 
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9_.  Temperature  Dependence  of  Spectrum  Parameters  in  a 


10  Mole  %  Water  in  1-Butanol. 
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FIGURE  III-60.  The  Optical  Absorption  Spectrum  of  Solvated  Electrons  in 
a  Solution  of  50  Mole  %  Water  in  1-Butanol  at  Different  Temperatures. 

A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B:  The  spectra  are  normalized  at  EAmax.  □,  298K;  0,  325K;  a,  350K; 

+  ,  364K. 
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.  Temperature  Dependence  of  Spectrum  Parameters  in  a 

0  Mole  %  Water  in  1-Butanol. 
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FIGURE  III-62.  The  Optical  Absorption  Spectrum  of  Solvated  Electrons  in 
a  Solution  of  98  Mole  %  Water  in  1-Butanol  at  Different  Temperatures. 
A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B:  The  spectra  are  normalized  at  □  ,  273K;  0,  298K;  A,  350K; 

+,  363K. 
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FIGURE  II 1-63.  Temperature  Dependence  of  Spectrum  Parameters  in  a 
Solution  of  98  Mole  %  Water  in  1-Butanol. 
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FIGURE  III-64.  The  Optical  Absorption  Spectrum  of  Solvated  Electrons  in 
iso-Butanol  at  Different  Temperatures. 

A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B:  The  spectra  are  normalized  at  EAmax.  □,  170K;  0,  200K;  a,  250K; 

+,  298K;  Y,  350K:  X,  378K. 


.  8 

.  6 

.  4 

.  2 

.  0 

.  8 

.  6 

.  4 

.  2 

.  0 

.  8 

.  6 

.  4 

1 


<0/  i B/T|  > 


185  . 


0  200  300  400 

T  (K) 


"65.  Temperature  Dependence  of  Spectrum  Parameters  in 
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FIGURE  III-66.  The  Optical  Absorption  Spectrum  of  Solvated  Electrons  in 
a  Solution  of  10  Mole  %  Water  in  iso-Butanol  at  Different  Temperatures. 
A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B:  The  spectra  are  normalized  at  EAm  .  □,  200K;  0,  250K;  a,  298K; 

+  ,  350K;  Y,  365K. 
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FIGURE  111-61.  Temperature  Dependence  of  Spectrum  Parameters  in 
a  Solution  of  10  Mole  %  Water  in  iso-Butanol. 
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FIGURE  III-68.  The  Optical  Absorption  Spectrum  of  Solvated  Electrons  in 
a  Solution  of  50  Mole  %  Water  in  iso-Butanol  at  Different  Temperatures. 
A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B:  The  spectra  are  normalized  at  E^^  .  □,  286K;  0,  298K;  a,  325K; 

+,  350K. 
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FIGURE  III-69.  Temperature  Dependence  of  Spectrum  Parameters 


in  a  Solution  of  50  Mole  %  Water  in  iso-Butanol. 
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FIGURE  III-70.  The  Optical  Absorption  Spectrum  of  Solvated  Electrons 

t 

in  a  Solution  of  98  Mole  %  Water  in  iso-Butanol  at  Different  Temperatures. 
A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B:  The  spectra  are  normalized  at  .  □,  273K;  0,  298K;  A,  350K; 

+,  363K. 
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FIGURE  III-71.  Temperature  Dependence  of  Spectrum  Parameters 
in  a  Solution  of  98  Mole  %  Water  in  iso-Butanol. 
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2— Butanol  at  Different  Temperatures. 

A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B:  The  spectra  are  normalized  at  n,  163K;  0,  200K;  a,  250K; 

+,  298K;  Y,  350K:  X,  37QK. 
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FIGURE  III-73.  Temperature  Dependence  of  Spectrum  Parameters 
in  2-Butanol. 
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FIGURE  I II- 74.  The  Optical  Absorption  Spectrum  of  Solvated  Electrons 

in  a  Solution  of  10  Mole  %  Water  in  2-Butanol  at  Different  Temperatures. 

A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B:  The  spectra  are  normalized  at  E  .  □,  200K;  0,  250K;  A,  298K; 

Amax 

+,  350K. 
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FIGURE  HI-76.  The  Optical  Absorption  Spectrum  of  Solvated  Electrons 
m  a  Solution  of  50  Mole  %  Water  in  2-Butanol  at  Different  Temperatures, 
A.  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B:  The  spectra  are  normalized  at  E^^.  □ ,  273K;  0,  298K;  a,  325K; 

+,  350K. 
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EII-77 .  Temperature  Dependence  of  Spectrum  Parameters 


Lution  of  50  Mole  %  Water  in  2-Butanol. 
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in  a  Solution  of  98  Mole  %  Water  in  2-Butanol  at  Different  Temperatures. 
A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B:  The  spectra  are  normalized  at  □,  273K;  0,  298K;  A,  350K; 

+,  370K. 
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FIGURE  III-79.  Temperature  Dependence  of  Spectrum  Para¬ 
meters  in  a  Solution  of  98  Mole  %  Water  in  2-Butanol. 
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FIGURE  I I 1-80.  The  Optical  Absorption  Spectrum  of  Solvated  Electrons 
in  t-Butanol  at  Different  Temperatures. 

A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B:  The  spectra  are  normalized  at  □,  298K;  0,  325K;  a,  350K. 
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FIGURE  _1 1 1-82 . The  Optical  Absorption  Spectrum  of  Solvated  Electrons  in 
a  Solution  of  10  Mole  %  Water  in  t-Butanol  at  Different  Temperatures. 
A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B:  The  spectra  are  normalized  at  n,  298K;  0,  325K;  A,  350K. 
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FIGURE  III-83.  Temperature  Dependence  of  Spectrum  Para¬ 
meters  in  a  Solution  of  10  Mole  %  Water  in  t-Butanol. 
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FIGURE  III-84.  The  Optical  Absorption  Spectrum  of  Solvated  Electrons 

in  a  Solution  of  50  Mole  %  Water  in  t-Butanol  at  Different  Temperatures, 

A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B:  The  spectra  are  normalized  at  E. 

Amax 

□,  273K;  0,  298K;  A,  350K;  +,  368K. 
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FIGURE  III-85.  Temperature  Dependence  of  Spectrum  Parameters 
in  a  Solution  of  50  Mole  %  Water  in  t-Butanol. 
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FIGURE  III-86.  The  Optical  Absorption  Spectrum  of  Solvated 
Electrons  in  a  Solution  of  98  Mole  %  Water  in  t-Butanol  at 
Different  Temperatures. 

A:  Successive  spectra  are  displaced  vertically  by  0.2  units. 

B:  The  spectra  are  normalized  at  E  .  □,  273K;  0,  298K, 

Max 

A,  350K;  +,  370K. 
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FIGURE  I I 1-87.  Temperature  Dependence  of  Spectrum  Parameters 
in  a  Solution  of  98  Mole  %  Water  in  t-Butanol. 
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From  these  figures  it  can  be  seen  that: 

(i)  The  shape  of  the  absorption  spectrum  changes  very 
little  with  temperature,  in  contrast  to  the  changes 
with  composition; 

(ii)  The  E  decreases  as  temperature  increases  in 

iUHaX 

all  the  liquids.  The  rate  of  decrease  is  smallest  for 
water  and  greatest  for  tertiary  butanol; 

(iii)  The  behavior  of  W:  with  temperature  shows  much  more 

'i. 

variability : 

(a)  It  increases  with  temperature  for  water,  all 
methanol/water  solutions,  all  primary  alcohols,  as  well 
as  the  98  mole  %  aqueous  solution  of  all  alcohols,  which 
are  water-like  in  all  parameters; 

(b)  It  decreases  with  increasing  temperature  for 
secondary  and  tertiary  alcohols,  as  well  as  the  10  mole 
%  aqueous  solutions  of  primary,  secondary,  and  tertiary 
alcohols  » 

(c)  It  is  independent  of  temperature  for  the  50 
mole  %  aqueous  solution  of  primary,  secondary,  and  terti¬ 
ary  alcohols  . 

(iv)  The  increase  (decrease)  in  is  due  mainly  to: 

(a)  The  increase  (decrease)  of  for  methanol, 

all  primary  alcohols,  and  10  mole  %  water  in  methanol 
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(for  10  mole  %  water  in  primary,  secondary  except  for  2- 
butanol,  and  tertiary  alcohols); 

(b)  The  increase  (decrease)  of  W  for  water,  50 
mole  %  aqueous  solution  of  methanol,  and  98  mole  %  aqueous 
solution  of  all  alcohols  (for  2-butanol  and  t-butanol) . 
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C .  Effect  of  Composition  upon  Temperature  Coefficients 

Two  types  of  curves  were  observed  for  the  tempera¬ 
ture  coefficient  of  (-dE,  / dT)  as  a  function  of 

Amax  Amax 

composition  (Figure  III-88): 

(i)  For  methanol  and  primary  alcohols,  -dE  /dT  in- 

Ama  x 

creases  rapidly  to  a  maximum  at  around  10  mole  %  water, 
then  decreases  rapidly  to  around  50  mole  %  water,  followed 
by  a  gradual  decrease  until  98  mole  %.  After  this,  it 
decreases  more  rapidly  again; 

(ii)  For  secondary  and  tertiary  alcohols,  it  is  at  its 
highest  for  pure  alcohol,  then  decreases  sharply  as  mole  % 
water  increases  to  10,  and  gradually  until  50  mole  % 
where  it  again  behaves  as  in  (i) . 


' 
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FIGURE  III-83.  -dEA  /dT  of  Alcohol/Water  Solutions  as  a 
-  Amax 

Function  of  Composition. 


O,  Methanol;  A,  1-propanol;  □,  2-propanol; 


V,  t-butanol;  water. 


Shapes  for  other  primary  and  secondary  alcohols 


are  similar  to  that  for  A ,  and  for  Q  ,  respectively. 
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Three  types  of  curves  were  observed  for  the  tempera¬ 
ture  coefficient  of  Wx  (dWj  /dT)  as  a  function  of  compo- 

* 

sition  (Figure  III-89): 

(i)  For  methanol,  it  decreases  gradually  as  mole  %  water 
increases  to  50,  and  is  approximately  constant  through  50 
to  100 ; 

(ii)  For  primary  alcohols,  it  decreases  sharply  to  a 
minimum  at  around  10  mole  %  water,  then  increases  rapidly 
to  around  50  mole  %  water,  followed  by  a  gradual  increase 
to  100  mole  %; 

(iii)  For  secondary  and  tertiary  alcohols,  it  is  at  its 
lowest  for  pure  alcohol,  then  increases  sharply  until 
98  mole  %  where  it  again  increases  sharply. 
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FIGURE  III-89  dWj /dT  of  Alcohol/Water  Solutions  as  a 
—  ^ 

Function  of  Composition. 

O,  Methanol;  A,  1-propanol;  □,  2-propanol; 
V,  t-butanol;  Q ,  water. 

Shapes  for  other  primary  and  secondary  alcohols  are 
similar  to  that  for  A>  and  for  □,  respectively. 


VI .  DISCUSSION 


A.  E.  of  Pure  Alcohols  from  C,  to  C,  at  298K 
Amax_ 1_ 4 

From  Figures  I II-4  ,  -6,  -8,  -12,  and  -14,  it  can 

be  seen  that  for  primary  alcohols,  including  methanol, 

^Amax  ^ecreases  relatively  quickly  when  a  small  amount 

of  water  is  added.  By  contrast,  Figures  III-10,  -16, 

and  -18  show  that  for  secondary  and  tertiary  alcohols 

^Amax  -*-ncreases  relatively  rapidly  when  a  small  amount 

of  water  is  added.  From  the  two  sets  of  figures  cited, 

one  can  also  see  that  for  pure  water,  E  increases 

Am  3  X 

when  a  small  amount  of  any  alcohol  is  added.  These 
observations  reflect  non-ideal  behavior  in  mixing 
alcohols  with  water,  as  do  for  instance  the  viscosit¬ 
ies  (Figure  IV-1)  (275,276)  and  the  peculiar  behavior 

of  excess  enthalpies  of  mixing  (Figure  IV-2)  (277). 

These  eccentric  behaviors  will  be  discussed  in  the 
next  section. 

The  E  values  for  pure  alcohols  and  for  pure 

Am  3  X 

water  are  listed  in  Table  IV-1,  along  with  values  from 
the  literature  (14,55,84-87,89,91,95,97,104,106,278). 
The  values  differ  from  one  alcohol  to  another.  In 
order  to  compare  these  values,  each  has  been  adjusted 
to  298K  by  using  the  temperature  coefficients  of  E 

Am  3  X 

from  the  present  study  (Tables  III-9  to  -17).  The 

most  reasonably  acceptable  value  of  E.  for  each 

J  Amax 
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FIGURE  IV-1.  The  Relative  Viscosity,  r|/t|  of  Pure  Alcohols 

2' 

and  Alcohol/Water  Mixtures  at  298K. 

1,  Methanol;  2,  Ethanol;  3,  n-Propanol;  4,  iso-Propanol; 

5,  t-Butanol;  ©,  n-Butanol;  A  ,  2-Butanol;  0,  iso-Butanol. 
1,  2,  3,  4,  and  5,  Data  from  ref.  275. 

•  ,  A  ,  and  13  ,  Data  from  ref.  276. 
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FIGURE  IV-2  .  Excess  Enthalpies  of  Mixing  of  Alcohol 
and  Water  at  298K. 

* 

1,  Methanol;  2,  Ethanol;  3,  n-Propanol;  4,  t-Butanol. 


Data  from  ref.  277. 
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TABLE  IV- 1 


Values  of 

^Amax 

in  Pure  Alcohols 

and  in 

* 

Water 

TOO 

M 

E 

IP 

2P 

IB 

iB 

2B 

tB 

—2— 

Ref . 

298 

1.98 

1.82 

1.95 

1.52 

1.98 

1.97 

1.59 

1.20 

1.73 

This  work 

300 

1.95 

1.79 

1.92 

1.52 

1.14 

1.71 

84 

298 

1.96 

1.80 

1.93 

1.53 

1.15 

1.72 

300 

1.93 

1.52 

1.94 

1.14 

85 

298 

1.94 

1.53 

1.95 

1.15 

300 

1.95 

1.78 

1.92 

1.93 

1.72 

86 

298 

1.96 

1.79 

1.93 

1.94 

1.73 

299 

1.63 

278 

298 

1.63 

293 

1.94 

87 

298 

1.93 

300 

1.15 

89 

298 

1.16 

303 

1.93 

1.70 

1.67 

1.49 

1.82 

1.67 

0.97 

1.72 

91 

298 

1.94 

1.72 

1.69 

1.51 

1.84 

1.69 

0.99 

1.73 

298 

1.97 

1.77 

1.67 

1.51 

14 

303 

1.93 

1.70 

1.67 

1.49 

1.82 

1.60 

0.99 

97 

298 

1.94 

1.72 

1.69 

1.51 

1.84 

1.62 

1.01 

300 

1.97 

1.77 

1.67 

1.51 

1.85 

1.72 

104 

298 

1.98 

1.78 

1.68 

1.52 

1.86 

1.73 

298 

1.77 

106 

295 

1.95 

1.80 

95 

298 

1.94 

1.79 

298 

1.73 

55 

298 

1.98 

1.82 

1.92 

1.51 

1.98 

1.97 

1.59 

1.01 

1.73 

Most  Reason 
able  value 
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* 

FOOTNOTE  TO  TABLE  IV-1 

M,  Methanol;  E,  Ethanol;  IP,  1-Propanol;  2P,  2-Propanol; 

IB,  1-Butanol;  iB,  iso-Butanol;  2B,  2-Butanol;  tB,  t-Butanol; 
T,  Temperature. 

,  X  is  the  experimental  value,  Y  is  the  value  adjusted 
to  298K  using  the  temperature  coefficients  in  Tables  III-9 
to  -17. 
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alcohol  and  for  water  has  been  suggested  in  the  last  row 

of  Table  IV-1.  They  are  based  on  the  behavior  of  E. 

Amax 

in  the  vicinity  of  each  pure  component,  either  increas¬ 
ing  or  decreasing  sharply  when  a  small  amount  of  solute 
(water  for  alcohol;  alcohol  for  water)  is  added.  For 
the  primary  alcohols  and  methanol,  the  recommended  E 

AmEx 

are  the  highest  reported  values.  In  the  case  of 
secondary  and  tertiary  alcohols  and  water,  the  recom¬ 
mended  E.  are  the  lowest  reported  values.  One  can 

Amax 

see  from  Table  IV-1  that  in  the  case  of  methanol,  ethan¬ 
ol,  and  2-propanol,  the  values  of  EAmax  obtained  from  the 
present  study  are  in  excellent  agreement  with  the 
literature  values,  but  there  is  a  big  difference  in 
1-propanol,  iso-butanol  and  t-butanol.  A  difference 
also  exists  in  the  value  of  1-butanol  and  2-butanol. 

The  disagreement  in  1-propanol  and  1-butanol  had  been 
first  reported  from  this  laboratory  by  Jou  and 
Freeman  in  1977,  but  they  made  no  comment  on  this 
discrepancy  (86).  Nevertheless,  the  results  obtained 
from  the  present  study,  while  obtained  earlier  than 
theirs,  can  also  explain  why  the  discrepancy  exists. 

The  literature  values  of  E  in  1-propanol 

A.  IQ  3.  X 

and  1-butanol  correspond  to  those  obtained  in  the 
present  study  for  10  mole  %  water  in  1-propanol  and 
3  mole  %  water  in  1-butanol.  The  discrepancy  for 
iso-butanol  is  too  large  to  be  rationalized  from  the 


* 
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composition  dependence  of  E  .  It  is  due  to  an  unknown 

nlllHX 

error.  The  literature  value,  1.62  eV,  is  lower  than 

E  for  pure  water  (1.73  eV) ,  while  the  present  value, 

Ama  x 

1.97  eV ,  is  similar  to  those  in  other  primary  alcohols. 

The  discrepancy  for  2-butanol  is  not  as  large  as 
those  just  mentioned.  From  Figure  III-16,  one  can  see 
that  the  literature  value  of  1.69  eV  corresponds  closely 
to  that  obtained  in  the  present  study  for  17  mole  % 
water  in  2-butanol. 

The  value  of  E.  for  t-butanol  obtained  from 

Amax 

this  work  is  higher  than  other  values  reported.  Using 
Figure  III-18,  it  can  be  rationalized  that  the  higher 
value  of  1.20  eV  is  caused  by  the  presence  of  water. 
Therefore,  the  most  reasonably  acceptable  value  is 
1.0  eV. 

The  values  of  E.  for  normal  alcohols  of  C, 

Amax  1 

to  (present  work)  along  with  C,.  to  C^q  (literature) 

are  shown  in  Figure  IV-3.  The  purpose  of  this  plot  is 

to  see  the  behavior  of  E.  as  a  function  of  the  number 

Amax 

of  carbon  atoms,  and  to  call  attention  to  the  need  for 
justifying  it.  This  is  important  since  the  values  of 
E.  obtained  from  this  laboratory  appear  to  be 

AUlaX 

higher  than  others,  for  instance,  1-propanol,  1- 
butanol  and  iso-butanol,  which  have  just  been  mentioned, 
as  well  as  1-pentanol  (279)  and  1-octanol  (85),  which 
are  shown  in  Figure  IV-3.  In  this  figure,  the  solid 
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line  drawn  from  to  C^q  is  the  expected  value  proposed 
by  this  study.  From  this  plot>  one  can  argue  that  the 
E  for  ethanol  is  discrepant  from  its  expected  value. 

A.  Cl  cl  X 

However,  in  the  present  study  the  argument  leans  more 
heavily  toward  methanol  as  the  alcohol  with  eccentric 
behavior  (see  Section  B-l-iv) .  The  dashed  line  shows 
the  behavior  of  methanol  that  would  be  expected  assum¬ 
ing  a  trend  from  ethanol  and  propanol.  Eccentric  be¬ 
havior  between  methanol  and  ethanol  has  been  reported 
by  Dolivo  and  Kevan  (280)  in  their  recent  work  on 
electrons  that  have  not  yet  reached  the  solvated  state. 
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B .  Effect  of  Composition 


1.  Composition  Dependence  of  E 


Amax 


for  C ,  to  C  . 
1  4 


Alcohol/Water  Solutions 


tion  for  methanol,  ethanol,  2  isomers  of  propanol,  and 
4  isomers  of  butanol  are  shown  in  Figures  III-4,  -6, 
-8,  -10,  -12,  -14,  -16,  and  -18.  The  results  are  sum¬ 
marized  in  Figure  III-19.  From  this  figure  it  can  be 
seen  that:  the  overall  composition  dependence  of  E 


can  be  divided  into  three  categories,  one  for  methanol, 
another  for  primary,  and  a  third  one  for  secondary  and 
tertiary  alcohols;  in  the  vicinity  of  pure  alcohol  the 
composition  dependence  can  be  classified  into  two 
categories,  one  for  methanol  and  primary  alcohols, 
and  the  other  for  secondary  and  tertiary  alcohols;  in 
the  very  high  mole  %  water  region,  it  can  be  considered 
to  be  of  only  one  type,  within  experimental  error. 

To  facilitate  comparison  with  Figure  IV-2  (in 
Section  A),  Figure  III-19  is  transformed  into  Figure 
IV-4,  by  normalizing  each  E  with  respect  to  the 

AH13  X 

E  in  pure  water.  The  purpose  of  this  comparison 

AIH3X 

is  to  show  the  non-ideal  behavior  of  the  binary  mix¬ 
ture  of  alcohols  with  water,  with  respect  to  EAmax* 

The  exact  reason  for  this  observation  is  not  clear. 


Since  relatively  little  is  known  with  certainty  thus 
far  about  the  structures  of  the  pure  liquids,  the  structures 
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FIGURE  IV-4.  Composition  Dependence  of  E,  /Ea  for 
-  Amax  Amax 

Alcohol/Water  Mixtures  at  298K. 

1,  Methanol;  2,  n-Propanol;  3,  iso-Propanol ;  4,  t-Butanol. 
Shapes  for  other  primary  and  secondary  alcohols  are 
similar  to  that  for  2  and  for  3,  respectively. 
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of  the  mixtures  are  even  less  well  defined.  Neverthe¬ 
less,  the  changes  of  indicate  that  the  depth  of 

the  trap  for  the  excess  electron  is  changed.  Why  does 
this  happen?  Qualitatively,  it  is  due  to  mutual  inter¬ 
action  of  the  molecules,  and  hence,  to  changes  in  solu¬ 
tion  structure.  How  does  this  happen?  The  limited 
data  from  the  present  study  do  not  provide  an  answer. 

Therefore,  the  focus  will  be  on  the  behavior  of  E. 

Amax 

as  a  function  of  composition  in  terms  of  the  changes  of 
trap  depth.  In  addition,  solution  structure  at  certain 
special  composition  will  be  proposed  to  account  for 
the  more  eccentric  of  the  observed  behaviors. 

(i)  Pure  Alcohols 

From  Figure  III-19  or  IV-4,  one  can  see  that  the 

values  of  E.  for  alcohols  and  water  are  in  the 

Amax 

following  order:  methanol  >  primary  alcohol  >  water  > 
secondary  alcohol  >  tertiary  alcohol.  This  indicates 
that  the  depths  of  the  traps  are  in  the  same  order. 

The  difference  in  trap  depths  is  probably  caused  by 
the  difference  in  solution  structure  for  each  category 
of  liquid.  For  methanol  and  the  primary  alcohols, 
the  structure  must  differ  from  the  secondary  and 
tertiary  alcohols,  although  they  have  the  same 
functional  OH  group.  From  the  literature,  the  follow¬ 
ing  structures  have  been  studied  for  liquid  alcohols: 
trimer  (281),  ring  polymers  (282),  and  zigzag  chain 


•V 


. 
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(283).  By  comparing  the  differences  in  E  between 

aIH3X 

methanol  and  primary  alcohols  on  the  one  hand  and 
secondary  and  tertiary  alcohols  on  the  other,  it  is 
reasonable  to  assume  that  in  the  latter  case  the 
function  of  OH  group  in  trapping  the  excess  electron 
has  been  weakened.  This  could  be  due  to  the  following 
factors  : 

(a)  From  the  inductive  effect  point  of  view,  the 
ability  of  OH  group  to  trap  the  excess  electron  has 
been  weakened  by  the  methyl  or  ethyl  group  in  the  ex¬ 
position  to  OH,  since  both  methyl  and  ethyl  groups  are 
electron  releasing  in  nature: 


(b)  The  value  of  for  secondary  and  tertiary 

alcohols  is  lower  than  for  water,  methanol  and  primary 
alcohols.  From  the  steric  effect  point  of  view, 
branched  molecules  would  form  a  larger  trap  than  do 
straight  chain  molecules,  due  to  steric  repulsion  of 
the  branched  alkyl  groups  in  the  a-position  with  re¬ 
spect  to  their  functional  OH  group.  This  can  be 
rationalized  from  the  pressure  study  of  solvated  elect¬ 
ron  spectra  in  the  primary,  secondary  and  tertiary 
alcohols  (84,86),  since 
pressure  coefficients  of 

for  n-propanol  (or  n-butanol),  iso-propanol,  arfd  t- 


the  ratio 


o  f 
1 


the> 


relative 
dE 


'Amax  5 


Amax 


Amax 
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butanol  is  1:2:3. 
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The  lower  E.  observed  for  tertiary  than  for 

Amax 

secondary  alcohol  is,  then,  due  to  the  additional 
methyl  group  attached  to  the  a-position  of  the  OH  group 
which  enhances  both  the  inductive  and  the  steric  effect 


(ii)  In  the  Low  Mole  %  Water  Region 

From  Figure  IV-4,  it  can  be  seen  that  in  the 

vicinity  of  each  pure  alcohol,  when  a  small  amount  of 

water  is  added  E  changes  relatively  rapidly.  For 

Amax 

methanol  and  primary  alcohols,  E  decreases  with  in- 

Amax 

creasing  mole  %  water.  By  contrast,  E  for  second- 

Am  a  x 

ary  and  tertiary  alcohols  increases  as  mole  %  water 
increases.  The  exact  reasons  for  the  behavior  are  not 
clear.  The  depth  of  the  trap  becomes  shallower  or 
deeper,  causing  to  decrease  or  increase,  respect¬ 

ively.  The  liquid  structure  of  each  alcohol  is  upset 
by  the  presence  of  a  small  amount  of  water.  This  dis¬ 
turbance  has  two  tendencies:  one  is  to  decrease  the 

value  of  E  (curves  1  and  2  in  Figure  IV-5)  and  the 

Amax 

other  is  to  increase  it  (2,  3  and  4  in  Figure  IV-5). 

The  curves  1-4  in  Figure  IV-5,  which  represent 
respectively  the  behavior  in  methanol,  1-propanol,  2- 
propanol,  and  t-butanol/wa ter  mixtures,  are  nonlinear. 
The  deviation  from  linearity  is  due  to  non-ideal  be¬ 
havior  of  the  alcoho 1 /water  mixtures.  Non-ideal  be¬ 
havior  is  also  shown  in  the  enthalpies  of  mixing. 


Figure  IV-2. 
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FIGURE  IV- 5 .  Proposed  Two  Kinds  of  Contribution  to  Account 


for  the  Observed  EA  in  Alcohol/Water  Mixtures  at  298K. 

Amax 

0,  Ideal  mixing  of  methanol  and  water; 

1,  Methanol;  2,  n-Propanol;  3,  iso-Propanol;  4,  t-Butanol. 
Shapes  for  other  primary  and  secondary  alcohols  are  similar 
to  that  for  2  and  for  3,  respectively. 

A,  B,  C,  or  D  is  the  contribution  which  decreases  the  value 

of  E^max>  while  E  is  the  contribution  tending  to  increase 

the  value  of  E, 

Amax 

A’  and  E’  are  the  hypothetical  contributions  of  methanol 
and  water  to  the  ideal  behavior  of  0. 


Amax 


FIGURE  IV- 5 
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The  observed  curves,  2,  3,  and  4  in  Figure  IV-5 

appear  to  contain  a  "water  component"  such  as  E.  The 

observed  curve  2  contains  an  "alcohol  component"  such 

as  B,  which  is  obtained  by  subtracting  E  from  2.  Curve 

E  was  drawn  arbitrarily  to  show  the  general  shape  of 

the  water  component,  but  the  true  curve  is  not  known. 

The  true  curve  is  probably  different  for  each  alcohol, 

but  for  simplicity  in  the  present  discussion,  E  has 

been  taken  to  represent  the  contribution  of  water  to 

the  observed  E,  in  all  alcohol/water  mixtures. 

Amax 

Curves  A,  B,  C  and  D  are  then  constructed  from  the 

observed  curves  for  E  in  the  methanol,  1-propanol, 

Anici  x 

2-propanol,  and  t-butanol/water  mixtures,  by  subtract¬ 
ing  curve  E. 

The  line  0  in  Figure  IV-5  is  drawn  to  indicate 
the  hypothetical  ideal  mixing  of  methanol/water. 

Lines  A'  and  E'  are  then  drawn  to  represent  the  ideal 
contributions  of  methanol  and  water  respectively  to 
line  0.  That  is,  line  0  is  resolved  ideally  into  E* 
and  A’.  It  can  be  seen  that  the  observed  behavior  of 
methanol/water  mixtures  (curve  1)  deviates  little 
from  ideal  (line  0).  The  water  contribution  to  curve 
1,  in  contrast  to  curves  2,  3,  and  4,  should  not  be  so 
heavy  weighted  as  E.  A  more  realistic  curve  E^  for 
the  water  contribution  in  methanol/water  mixtures 
would  be  between  curve  E  and  line  E?,  and  probably 
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very  close  to  the  ideal  E'.  Hence,  curve  A  for  these 
mixtures  is  underweighted.  A  more  realistic  curve  A^ 
(Figure  IV-6)  would  be  closer  to  the  ideal  A1,  and 
hence,  less  sharp  than  curve  A.  New  curves  B^,  and 

are  then  constructed  using  the  water  dominance  curve 
for  methanol  and  observed  curves  2,  3,  and  4  for 

1-propanol,  2-propanol  and  t-butanol.  Curves  and 
are  reasonably  close  to  ideal  whereas  deviates  con¬ 
siderably  from  ideal. 

In  comparing  Figure  IV-5  and  -6,  the  water  con¬ 
tribution  curve  E  (in  Figure  IV-5)  seems  more  appro¬ 
priate  to  the  case  of  curve  D,  whereas  E^  (in  Figure 
IV-6)  seems  more  appropriate  to  curves  A^  ,  B^  and  C^. 

A  more  realistic  representation  would  probably  require 
a  separate  water  contribution  curve  for  each  alcohol. 

In  the  low  mole  %  water  region,  from  Figures 

IV-5  and  IV-6,  the  slopes  of  curves  A^,  B^,  C^,  and  D, 

indicate  the  degree  of  disturbance,  and  thus  the  change 

in  trap  depth,  which  causes  changes  in  E  when  a 

Am  a.  x 

small  amount  of  water  is  added  to  the  respective 
alcohol.  The  difference  in  the  degree  of  disturbance 
between  methanol  (A^)  and  1-propanol  (B^) /water 
mixtures  shown  in  Figure  IV-6  is  parallel  to  the 
different  rate  of  change  of  E4  with  respect  to 

pure  methanol  and  primary  alcohols  in  Figure  IV-7,  in 
the  vicinity  of  pure  alcohol.  The  composition  de- 
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. 


FIGURE  IV- 6.  Proposed  Two  Kinds  of  Contribution  to 


Account  for  the  Observed  E,  in  Alcohol/Water  Mixtures 

Amax 

at  298K,  Based  on  Water  Dominance  Curve  E^. 

0,  Ideal  mixing  of  methanol  and  water; 

1,  Methanol;  2,  n-Propanol;  3,  iso-Propanol;  4,  t-Butanol. 

Shapes  for  other  primary  and  secondary  alcohols  are 

similar  to  that  for  2  and  for  3,  respectively. 

A^,  B^,  C^,  or  is  the  contribution  which  decreases 

the  value  of  Ej^jnax>  while  E^  is  the  contribution  tending 

to  increase  the  value  of  E, 

Amax 
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FIGURE  IV- 7.  Composition  Dependence  of  EA  /E.  for 

-  Amax  Amax 

n-Alcohol/Water  Mixtures  at  298K. 
o,  Methanol;  □,  Ethanol;  A,  1-Propanol;  V,  1-Butanol; 
O,  iso-Butanol;  Pure  ROH. 
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pendence  of  E  seems  to  be  correlated  with  the  length 

AIQ3X 

of  carbon  chain  in  methanol  and  primary  alcohols.  This 
suggests  that  the  longer  the  carbon  chain,  the  greater 
the  disturbance  caused  by  water,  for  a  normal  chain  con¬ 
taining  up  to  three  carbon  atoms.  The  difference  in 
disturbance  between  and  D  seems  to  be  related  to  the 
tertiary  having  greater  bulkiness  of  a-carbon  than  does 
the  secondary  alcohol.  That  is,  when  a-carbon  is  more 
bulky  the  relative  disturbance  by  water  is  greater. 

(iii)  In  the  High  Mole  %  Water  Region 

From  Figure  IV-4,  -5,  -6,  or  -7,  one  can  see  that 

the  behavior  of  EA  as  a  function  of  composition  is 

Amax 

similar  when  a  small  amount  of  any  alcohol  is  added  to 
water.  In  all  cases,  the  value  of  EA  increases  with 

increasing  mole  %  alcohol.  The  reasons  for  this 
observation  are  still  an  open  question.  However, 

Franks  has  cited  that  when  a  small  amount  of  a  non¬ 
electrolyte  is  added  to  liquid  water,  the  te trahedr ally 
coordinated  water  skeleton,  with  respect  to  each 
oxygen  atom,  will  be  changed.  This  change  can  be 
seen  from  the  viscosity-concentration  curve  in  a 
binary  system  such  as  wa t er / e t hano 1  (Figure  IV-8). 

In  this  figure,  dr|/dC  increases  with  increasing  con¬ 
centration,  showing  an  increased  structure  effect 
which  reaches  a  maximum  at  <10%  alcohol  (284).  By 
comparing  Figure  IV-9  and  Figure  IV-8,  it  can  be 
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FIGURE  IV-8.  Viscosity  ,  r|>  and  dr)/dC  of  Ethanol/Water 

Mixtures  at  298K,  Data  from  ref.  284. 
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FIGURE  IV-9.  Composition  Dependence  of  E.  / E.^ 

- -  Amax  Amax 

for  Alcohol/Water  Mixtures  at  298K. 

O,  Methanol;  □,  Ethanol;  A,  1-Propanol;  V»2-Propanol 
and  all  4  isomers  of  Butanol;  O,  Water. 
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seen  that  the  behavior  of  E „  is  similar  to  that 

of  df|/dC  as  a  function  of  composition,  especially  in 
the  vicinity  of  pure  water.  The  structure  disturbance 
tends  to  make  the  electron  trap  slightly  deeper. 

(iv)  Around  10  Mole  %  Water  Region 

From  Figures  III-l,  -6,  -8,  -12,  -14,  -19  and 
IV-4,  it  can  be  seen  that  near  10  mole  %  water  the 
value  of  E  in  primary  alcohol/water  solutions  passes 

nIU3  X 

through  a  minimum  that  is  equal  to  or  slightly  less 
than  the  value  in  pure  water.  This  eccentric  behavior 
is  observable  in  the  ethanol/water  data  of  Arai  and 
Sauer  (105),  but  they  apparently  attributed  it  to 
experimental  scatter.  The  minimum  indicates  that  the 
depth  of  the  trap  becomes  similar  to  that  in  pure 
water.  The  reasons  for  this  finding  are  not  yet  clear. 
Two  possible  reasons  are  suggested  here:  (1)  the 
minimum  may  be  an  accidental  result  of  the  two  dis¬ 
turbances  mentioned  in  the  above  section  (ii);  (2)  an 

alternate  account  from  the  solution  structure  point 
of  view  might  be  as  follows. 

The  minimum  in  E,  indicates  that  the  net 

Amax 

strength  of  interaction  between  the  excess  electron 
and  solvent  is  a  minimum  when  about  10  mole  %  water 
is  present.  The  water  might  enhance  formation  of 
alcohol  tetraraers,  which  would  tend  to  decrease  the 
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availability  to  the  electron  solvation  site  of  OH 
functional  groups.  Tetramers  might  result  from  water- 
nucleated  structures  such  as  that  illustrated  in  Fig¬ 
ure  IV-10.  The  structure  shown  in  this  figure  is 
based  on  the  ring  polymer  model  for  alcohol  (282), 
along  with  ideas  from  models  such  as  octahedral  (285), 
tetrahedral  (286),  and  body  centered  cubic  (287-289) 
that  have  been  proposed  for  water.  Eight  alcohol 
molecules  are  placed  on  the  corners  of  a  cube  1  to  8, 
in  which  1  to  4  is  one  tetramer  and  5  to  8  is  another. 
A  water  molecule  is  placed  at  the  center  with  H-bond- 
ing  directions  towards  sites  1  and  8  by  acting  as  a 
proton  donor,  and  with  other  H-bonding  directions  to¬ 
wards  sites  3  and  6  by  acting  as  an  electron  donor. 
Thus,  two  tetramers  of  alcohol  are  linked  together  by 
one  water  molecule,  and  the  water  molecule  is  occluded 
by  eight  alcohol  molecules.  The  formation  of  such 
solution  structure  around  10  mole  %  water  might 

account  for  the  observed  minimum  of  E,  .  With  this 

Amax 

configuration,  the  net  strength  of  interaction  between 
the  excess  electron  and  solvent  may  then  depend  upon 
the  size  and  type  of  the  alkyl  group  in  the  a-position 
to  the  OH  group  for  each  alcohol.  Another  example  of 
an  unusual  structural  change  in  the  10  mole  %  water 
region  of  ethanol/water  mixtures  has  been  reported 
by  Potts  and  Davidson  (290).  They  found  a  eutectic 


, 
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FIGURE  IV-1Q.  Proposed  Solution  Structure  for 
Alcohol/Water  Mixtures  Around  10  Mole  %  Water 


at  298K. 


Oxygen  atom  in  water  molecule; 
Oxygen  atom  in  alcohol  molecule. 
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point  of  this  ethanol/water  system  occuring  at  15  mole 
%  water. 

The  different  behavior  of  methanol,  compared  to 
that  of  ethanol  and  the  other  primary  alcohols,  is 
presumably  attributable  to  the  small  alkyl  group  and 
consequent  different  liquid  structure. 

The  value  of  E  in  methanol  is  higher  than 

Am  sl  x 

for  water.  This  is  another  peculiar  behavior  of 
methanol  that  has  been  observed,  in  comparison  with 
ethanol.  The  reason  for  this  could  be  due  to  the 
above  configuration  and  to  only  one  methyl  group  in 
the  a-position  of  the  OH  group.  In  addition,  it 
might  be  due  to  the  peculiar  character  of  this  alkyl 
group.  The  peculiar  behavior  of  this  methyl  group  has 
been  studied  by  Mulliken  as  follows  (291,292) 


[1] 


This  eccentric  behavior  strengthens  the  power  of  the 
solvation  site  in  the  OH  group,  and  hence,  increases 
the  ability  to  solvate  the  excess  electron. 

In  the  case  of  secondary  and  tertiary  alcohol, 
the  corresponding  E  at  10  mole  %  water  is  much 

A  Ill  a  X 

lower  than  for  water,  although  it  is  higher  than  for 
the  respective  pure  alcohol.  This  could  be  due  to  the 
selective  solvation  by  water. 


•1 
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(v)  In  the  Remaining  Composition  Range 

From  Figures  IV-4,  -5,  and  -6,  it  can  be  seen  that, 

in  the  10  to  50  mole  %  water  region,  E,  decreases 

Amax 

gradually  for  methanol,  while  E  increases  gradually 

amax 

for  primary,  secondary  and  tertiary  alcohol/water  mix¬ 
tures.  In  the  50  to  90  mole  %  water  region, E,  is 

nearly  composition  independent  for  all  alcohols,  with¬ 
in  experimental  error.  The  former  behavior  indicates 
gradual  change  of  the  structure  of  the  electron  trap, 
with  some  preference  for  water  molecules.  Above  50 
mole  %  water,  the  trap  appears  to  be  a  slightly  modified 
water  structure. 
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2.  Composition  Dependence  of  W,  for  Alcohol/ Wat er 

~2 

Mixtures . 

The  behavior  of  Wx  as  a  function  of  composition  is 
included  in  the  figures  mentioned  in  the  previous  section 
for  E^max>  and  is  summarized  in  Figure  III-20.  It  can  be 
seen  from  this  figure  that:  decreases  as  mole  %  water 

increases;  most  of  the  decrease  occurs  up  to  50  mole  % 
water;  in  the  low  mole  %  water  region,  the  sharpness  of 
the  decrease  is  in  the  following  order,  secondary  > 
primary  >  methanol  >>  tertiary  alcohol.  The  curves 
reflect  non-ideal  solution  behavior  and  selective  solva¬ 
tion  of  the  electrons  by  water,  as  did  the  E  curves. 

Ams  x 

The  non-ideal  behavior  is  accounted  for  by  the 
mutual  disturbance  of  the  liquid  structures  when  water 
and  alcohol  molecules  are  mixed  together.  Parallel  to 
Section  B-l-(ii)  above,  the  observed  curves  for  W2  are 
resolved  into  two  components  (Figure  IV-11) .  The  hypo¬ 
thetical  water  component  curve  (E)  must  be  concave  to¬ 
wards  the  composition  axis,  because  the  electrons  tend 
to  be  preferentially  solvated  by  water.  The  compliment¬ 
ary  alcohol  curves  for  methanol  (A),  1-propanol  (B) , 
2-propanol  (C),  and  t-butanol  (D)  were  obtained  by 
subtracting  E  from  the  observed  curves  1,  2,  3,  and 
4,  respectively.  From  Figure  IV-5  and  -6  in  the  pre¬ 
vious  section,  it  can  be  seen  that  the  behavior  of  E. 

Amax 

as  a  function  of  composition  in  t-bu t ano 1 / wa t er  is 
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FIGURE  IV-11 .  Proposed  Two  Kinds  of  Contribution  to 


Account  for  the  Observed  W,  in  Alcohol/Water  Mixtures 
at  298K. 

1,  Methanol;  2,  n-Propanol;  3,  iso-Pr opanol ;  4,  t- 
Butanol.  Shapes  for  other  primary  and  secondary  alco¬ 
hols  are  similar  to  that  for  2  and  for  3,  respectively. 
A,  B,  C,  and  D*  are  the  contributions  which  decrease 
the  value  of  Wj^  in  methanol,  n-propanol,  iso-propanol 
and  t-butanol/ water,  respectively.  E'  is  the  contri¬ 
bution  tending  to  increase  the  value  of  W,  for  t- 
butanol/water  mixtures,  while  E  is  the  corresponding 
contribution  for  the  rest.  Eq  is  the  hypothetical 
ideal  contribution  of  water. 


FIGURE  IV-11 
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more  non-ideal  than  methanol/water.  In  Figure  IV-11, 
if  the  same  water  component  curve  E  were  used  for  all 
the  alcohol  solutions,  the  behavior  of  W,  as  a  function 
of  composition  in  t-butanol/water  (curve  D)  would  be 
less  non-ideal  than  in  me t hano 1 / wa t er  (curve  A).  This 
is  in  contrast  to  the  behavior  of  EA  mentioned  above. 

Therefore,  another  hypothetical  water  component  curve 
(E')  is  needed  in  order  to  obtain  a  more  suitable  com¬ 
plimentary  curve  for  t-butanol  (D').  With  the  curve  D', 

the  degree  of  non-ideal  behavior  of  EA  and  of  W.  for 

Amax  % 

t-butanol/water  has  more  or  less  the  same  trend  compared 
with  methanol/water.  Line  Eq  represents  an  ideal  con¬ 
tribution  to  Wx  from  water,  and  is  used  for  indicating 

"2 

the  deviation  from  ideal.  The  slopes  of  the  curves 
such  as  A  and  D'  then  indicate  the  relative  disturbance 
of  Wj  by  water  when  a  small  amount  is  added  to  the 
respective  alcohol.  The  apparent  composition  depend¬ 
ence  of  Wj  in  t-butanol/water  shown  in  Figure  IV-11  is 
nearly  linear.  This  is  a  coincidence  due  mainly  to  the 

increase  of  E  with  increasing  mole  %  water.  The 

Ama  x 

ratio  does  not  vary  linearly  with  composition. 

Figure  IV-12  shows  that  the  apparent  Wx  for  n- 
alcohols  is  nearly  independent  of  carbon  chain  length, 
except  for  methanol.  This  exception  could  be  expected 
since  the  behavior  of  methanol  differs  from  other 
primary  alcohols  as  mentioned  in  the  previous  two 
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No.  of  Carbon  Atoms 

FIGURE  IV-12 .  Plot  of  Wx  vs  the  Number  of  Carbon  Atoms 
in  n-Alcohols  at  298K. 

©,  Water;  O,  n-Alcohols,  this  work,  A,  ref.  g5. 
- ,  Expected  value. 
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sections.  The  value  of  in  alcohol  is  much  higher 

than  in  water.  Jou  and  Freeman  have  postulated  a  reason 
for  the  observation  that  the  breadth  of  W,  in  alcohol 
is  wider  than  in  water.  This  is  due  to  the  alkyl  group 
providing  a  higher  excited  state  in  the  course  of  opti¬ 
cal  transition  (86). 

From  Figure  IV-13,  it  can  be  seen  that  the  value 
of  in  pure  alcohols  seems  to  be  correlated  to  the 
number  and  nature  of  H  atoms  attached  to  the  carbon  atom 
which  is  in  the  a-position  of  the  functional  group  of 
alcohols.  In  other  words,  the  value  of  in  pure 
alcohols  might  depend  upon  the  environment  of  the 
carbon  atom  which  is  in  the  a-position  to  the  OH  group. 

Figure  IV-14  shows  that  in  the  low  mole  %  water 

region,  the  rate  of  decrease  in  Wj  with  respect  to  the 

'i 

values  in  the  pure  alcohols  is  as  follows,  secondary 
alcohol  >  primary  alcohol  >  methanol  >>  tertiary  alco¬ 
hol.  This  seems  to  parallel  the  trend  observed  in 
Figure  IV-13.  Therefore,  the  non-ideal  composition 
dependence  of  W,  might  be  somehow  correlated  with  the 
disturbance  caused  by  water  upon  the  environment  of 
the  a-carbon  to  the  OH  group.  The  mechanism  whereby 
the  environment  of  the  a-carbon  affects  the  Wi  of  the 

H 

absorption  spectrum  is  not  known.  Nevertheless  as 
shown  in  the  following  section,  the  behavior  of  Wj 
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F I GURE  IV- 1 3 .  Plot  of  Wx  vs  the  Number  of  a-H  in 
Alcohols  at  298K. 

0,  t-Butanol;  1,  iso-Propanol ;  2,  n-Propanol; 


3,  Methanol. 
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ROH  Mole  %  H20  H20 

FIGURE  IV-14.  Composition  Dependence  of  W7 

"2  -i 

for  Alcohol/Water  Mixtures  at  298K. 

O,  ROH;  O >  Methanol;  A,  1-Propanol;  D,  2- 
Propanol;  V»  t-Butanol. 

Trends  for  other  primary  and  secondary  alcohols 
are  similar  to  that  for  A  and  for  □  ,  respectively . 
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is  determined  largely  by  changes  in  W,  .  Thus,  further 

b 

research  should  be  aimed  at  changes  in  the  high  energy 

side  of  the  spectrum  with  changes  in  solution  structure. 

From  Figure  IV-11,  one  can  see  that  above  50  mole 

%  water,  W.  is  nearly  composition  independent  for  all 
*2 

alcohols.  This  is  similar  to  the  behavior  of  E.  as 

Amax 

a  function  of  composition  in  the  same  concentration 
region  (see  Figure  IV-5  or  -6).  This  consistency 
supports  the  suggestion  that  above  50  mole  %  water  the 
electron  rests  preferentially  in  a  trap  that  is  a 
slightly  modified  water  structure. 


, 
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15)  : 


3.  Composition  Dependence  of  and 


The  values  of  and  are  given  by  (Figure  II- 


and 


+  W 
b 

E,  -  E 
b 

^Araax 


r 

Amax 

-  E 

r 


[2] 

[3] 

[4] 


where  is  the  energy  at  half-height  of  absorption 

maximum  on  the  blue  side  of  the  spectrum  and  E^  is  the 

corresponding  energy  on  the  red  side  of  the  spectrum. 

The  reported  values  of  and  depend  upon  the  value 

chosen  for  E.  ,  for  a  fixed  value  of  W,  .  The  value 
Amax  ^2 

of  E  is  obtained  visually  from  the  plot,  and  could 

amax 

differ  from  one  person  to  another  by  +0*02  eV.  The 
values  of  and  are  therefore  subject  to  this 

amount  of  error. 

The  behaviors  of  W.  and  W  as  functions  of  com- 

b  r 

position  are  shown  in  the  figures  mentioned  above  for 

E.  and  W, ,  and  are  summarized  in  Figure  III-21. 

Amax  V 

One  can  see  from  this  figure  that:  W,  is  more  sensitive 

b 

to  changing  composition  than  is  W^,  especially  in  the 
low  mole  %  water  region;  from  0  to  50  mole  %  water, 
both  and  decrease  with  increasing  mole  %  water; 

above  50  mole  %  water,  both  of  them  are  almost  com¬ 
position  independent,  and  the  value  is  nearly  the  same 
for  pure  water.  The  curves  reflect  non-ideal 


v. 
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solution  behavior  and  selective  solvation  of  the  elect¬ 
rons  by  water  more  than  the  W  curves  do. 

r 

By  comparing  Figure  III-20  and  -21,  one  can  see 
that  composition  dependence  of  is  generated  mainly 
through  .  This  supports  the  interpretation  that  the 
shapes  of  the  low  and  high  energy  sides  of  the  bands 
are  determined  by  different  processes  (86).  The  absorp¬ 
tion  band  may  therefore  be  deconvoluted  into  overlapp¬ 
ing  component  bands  (85).  The  lower  energy  side  of  the 
band  represents  the  bound-bound  (b-b)  transition  between 
the  ground  state  and  a  first  excited  state,  both  of 
which  are  determined  mainly  by  the  potential  well 
created  by  the  OH  groups.  The  higher  energy  side  of 
the  band  in  water  represents  bound-continuum  (b-c) 
transitions.  The  greater  width  of  the  band  in  alcohol 
solvents,  compared  with  that  in  water,  is  attributed 
to  the  alkyl  group  which  may  provide  an  extra,  higher 
excited  bound  state.  That  is,  in  alcohols  there  may 
exist  an  additional  b-b  transition  in  between  the 
b-b  and  b-c  transitions  just  mentioned. 

From  Figure  IV-15,  one  can  see  that,  within 

the  inherent  error  (see  next  paragraph),  composition 

dependence  of  W^/W^  is  similar  to  the  behavior  of 

Wi  as  a  function  of  composition  (Figure  IV-11).  Above 

50  mole  %  water,  W,/W  is  nearly  independent  of  com- 

b  r 

position  for  all  alcohols.  This  is  similar 


V 
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FIGURE  IV-15 .  Composition  Dependence  of  W^/W^  for 
Alcohol/ Water  Mixtures  at  298K. 

9,  Water;  O  >  Methanol;  A,  1-Propanol;  □,  2- 

Propanol;  V,  t-Butanol.  Shapes  for  other  primary 
and  secondary  alcohols  are  similar  to  that  for  A  and 


for  □  ,  respectively. 


r 
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to  the  behavior  of  EAmax  (Figure  IV-5  or  -6)  and  of 
(Figure  IV-11)  as  a  function  of  composition  in  the  same 
concentration  region.  This  consistency  again  supports 
the  suggestion  that  above  50  mole  %  water  the  electron 
rests  preferentially  in  a  trap  that  is  a  slightly  modi¬ 
fied  water  structure. 

The  ratio  of  W,  to  W  has  been  used  to  indicate 

b  r 

the  asymmetry  factor  of  the  absorption  spectra  for  the 

solvated  electron  (52,85).  The  values  of  W,  /W  obtained 

b  r 

from  the  present  study  are  listed  in  Tables  III-l  to  -8. 

As  mentioned  above,  and  are  dependent  on  the 

value  of  Ea  chosen  for  a  fixed  value  of  W,  .  Given 

Amax  ^ 

that  the  error  in  determining  the  value  of  E  is 

nlQ  cl  X 

+1%,  the  error  inherited  in  calculating  the  ratio  of 
W,  to  W  will  be  +10%.  Therefore,  this  ratio  is  good 
for  qualitatively  indicating  the  asymmetry  of  a  given 
absorption  spectrum;  however,  it  is  useful  for  quanti¬ 
tative  comparison  of  the  asymmetry  of  absorption  spectra 
only  when  the  inherited  error  can  be  ignored  (Figures 
IV-15  and  -16) . 


» 


256  . 


FIGURE  IV- 1 6 .  Plot  of  vs  the  Number  of  Carbon 

Atoms  in  n-Alcohols  at  298K. 

© ,  Wa  ter;  o  >  n-Alcohols,  this  work. 

A  >  ref .  85 . 
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4.  Composition  Dependence  of  Ge 

max 

As  shown  in  Figure  III-2,  Gemax  changes  relatively 

rapidly  with  composition  in  the  vicinity  of  pure  water 

and  pure  alcohol.  The  most  attractive  and  challenging 

phenomenon  is  that  of  the  Ge  having  a  maximum  in 

max 

the  very  high  mole  %  water  region.  The  increase  of 

Ge  upon  the  addition  of  ~2  mole  %  of  an  alcohol  to 
max 

water  coincides  with  the  small  increase  of  E, 

Amax 

(Figure  III-l  or  -19).  This  behavior  suggests  that 
the  addition  of  a  few  mole  %  of  alcohol  to  water  en¬ 
hances  the  orderliness  of  the  water  structure,  which 
might  increase  the  thermaliza t ion  range  of  the  excess 
electrons  and  thereby  the  free  ion  yield  G  (yield 
per  100  eV).  There  is  physical  evidence  that  the 
presence  of  a  small  amount  of  monohydric  alcohol 
affects  the  structure  of  liquid  water:  ethanol  can 
form  a  clathrate  hydrate  of  C^H^OH.iyH^O  at  94  mole  % 
water  (290);  there  is  a  maximum  for  the  velocity  of 
sound  and  for  the  sound  absorption  coefficient  around 
96  to  90  mole  %  water  in  t-butanol/water  (293);  there 
is  a  minimum  of  solute  partial  molar  volume  in 
ethanol  (Figure  IV-17)  and  in  t-butanol/water  mix¬ 
tures  around  93  and  97  mole  %  water,  respectively 
(294);  the  critical  micelle  concentration  curve  of 
sodium  dodecyl  sulfate  at  25°C  in  t-butanol/water 


FIGURE  IV-17.  Partial  Molar  Volumes  in  Ethanol/Water 
Mixtures  at  293K. 

Data  from  ref.  294(b). 

V^,  Water;  ,  Ethanol;  EtOH  represents  Ethanol. 

V,  indicates  partial  molar  volume. 
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mixtures  has  a  minimum  at  96  mole  %  water  (295);  the 
composition  dependence  curve  of  sodium  chloride  con¬ 
centration  required  for  the  flocculation  of  polystyrene 
emulsions  in  e t hano 1 / wa t er  mixtures  has  a  maximum  at 
95  mole  %  water  (296);  in  the  hydrolysis  of  t-butyl 
chloride  in  ethanol/water  mixtures,  it  has  been  found 
that  there  exist  maxima  at  97  mole  %  water  in  the  com¬ 
position  dependence  curves  for  the  enthalpy  and  entropy 
of  activation  (297);  and  there  is  a  maximum  for  the 
structural  contribution  to  the  temperature  of  maximum 
density  in  aqueous  solutions  of  ethanol  and  t-butanol 
around  98  to  96  mole  %  water  (298). 

Finally,  by  comparing  Figure  III-2  and  Figure  IV-8, 

it  can  be  seen  that  the  behavior  of  Ge  is  similar 

max 

to  that  of  dq/dC  as  a  function  of  composition  (284), 

especially  in  the  vicinity  of  pure  water,  where  both 

reach  a  very  pronounced  maximum,  then  decline  sharply. 

Thus,  the  peculiar  behavior  of  Ge  could  be  due 

max 

to  changes  in  the  solution  structure.  The  importance 
of  changes  in  solution  structure  indicates  the  need 
for  a  structural  configuration  similar  to  the  one 
above  for  the  10  mole  %  water  region,  but  with  an 
alcohol  molecule  contained  by  a  number  of  water  mole¬ 
cules.  How  such  configuration  might  affect  G  and  e 

max 

are  openings  for  future  study. 


'< 
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C .  Effect  of  Temperature 


1.  Temperature  Dependence  of  Spectra  Shape  of 


Alcohol/Water  Mixtures 


From  the  A  sections  of  the  even  numbered  Figures 


III-22  to  -86,  one  can  see  that  the  E 


Amax 


for  each  spect¬ 


rum  decreases  as  temperature  increases.  But  from  the 
B  sections  in  these  figures,  it  appears  that  the  shape 
of  the  solvated  electron  absorption  spectrum  changes 
very  little  with  temperature,  for  a  given  composition. 
This  is  in  contrast  to  the  behavior  of  spectrum  shape  as 
a  function  of  composition  (Figures  III-3,  -5,  -7,  -9, 
-11,  -13,  -15,  and  -17).  This  contrast  indicates  that 
over  the  temperature  range  examined  (up  to  the  boiling 
point  for  each  solution)  the  nature  of  the  solvation 
site  is  sensitive  to  composition  but  insensitive  to 
temperature  changes  for  a  given  composition.  Thus, 
the  extent  of  selective  solvation  of  the  electrons 


in  a  solvent  of  particular  composition  is  approximately 
invariant  with  temperature. 


2.  Temperature  Dependence  of  E 


Amax 


with  increasing  temperature 


The  decrease  of  E 


Amax 


is  consistent  with  models  mentioned  in  Chapter  1, 

Section  C.  According  to  these  models,  the  behavior 

of  E  as  a  function  of  temperature  can  be  considered 

Amax 

to  be  mainly  due  to  the  expansion  of  the  solvation  trap 
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as  the  temperature  increases.  In  other  words,  the  depth 

of  the  trap  becomes  shallower  with  increasing  temperature 

Hence,  the  value  of  E.  decreases  as  the  temperature 

Amax  r 

increases . 

Tables  III-9  to  -17  show  that  the  temperature  co¬ 
efficient  of  E^max  is  smallest  for  pure  water  and  great¬ 
est  for  pure  t-butanol.  This  indicates  that  the  trap 
solvating  the  excess  electron  is  relatively  less  sensi¬ 
tive  to  temperature  in  water  than  in  the  pure  alcohols. 

In  the  alcohols^  the  sensitivity  varies  with  structure 
in  the  order  methanol  <  primary  alcohols  <  secondary 
alcohols  <  t-butanol  (Figure  IV-18).  This  is  related 
to  differences  in  the  thermal  stability  of  the  electron 
solvation  structure  in  each  solvent. 

The  composition  dependence  of  the  temperature  co¬ 
efficient  for  each  category  alcohol/water  solutions  is 
shown  in  Figure  III-88.  From  this  figure,  one  can  see 
that:  (a)  from  0  to  10  mole  %  water  region,  the  tempera¬ 
ture  coefficient  increases  drastically  in  methanol  and 
primary  alcohols,  but  decreases  sharply  in  secondary 
alcohols  and  t-butanol.  This  indicates  that  the  thermal 
stability  of  the  solvation  site  in  the  solution  is  less 
for  the  former  and  more  for  the  latter,  compared  with 
pure  alcohols;  (b)  in  10  to  98  mole  %  water  region, 
the  corresponding  thermal  stability  increases  (tempera¬ 
ture  coefficient  decreases)  gradually  with  increasing 
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No .  of  a-H 


FIGURE  IV-18.  Plot  of  -dE.  /dT  vs  the  number  of 
-  Amax 

a-H  in  alcohols. 

0,  t-Butanol;  1,  iso-Pr opanol ;  2,  n-Propanol; 


3,  Methanol. 
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water  concentration;  (c)  between  98  and  100  mole  % 
water,  the  stability  again  increases  significantly. 

This  last  change  is  consistent  with  the  phenomena  men¬ 
tioned  in  Section  B-4,  and  supports  the  suggestion  that 
the  addition  of  a  few  mole  %  of  alcohol  to  water  affects 
the  water  structure. 

3.  Temperature  Dependence  of 

From  the  odd  numbered  Figures  III-23  to  -87  or 
Tables  III-9  to  -17,  one  can  see  that  the  value  of  W, 

h 

changes  only  slightly  with  increasing  temperature  and 
that  it  can  increase  or  decrease  or  remain  nearly  con¬ 
stant.  This  is  in  contrast  to  the  much  larger  change 
of  as  a  function  of  composition  (Figures  III-4,  -6, 
-8,  -10,  -12,  -18,  and  III-20,  -21). 

The  behavior  of  as  a  function  of  temperature 

can  be  considered  to  be  due  to  the  overall  results  of 
(a)  electron-phonon  interaction  (EPI)  (2)  and  (b) 
electron-dipole  interaction  (EDI)  (188).  The  former 
tends  to  increase  as  temperature  increases,  while 

the  latter  tends  to  decrease  .  Limiting  considera¬ 
tions  to  these  two  interactions,  if  the  effect  of  (a) 
dominates  (b)  then  the  observed  temperature  coefficient 
of  Wx  ,  dWx /dT,  is  positive.  It  is  negative  if  the 
effect  of  (a)  is  dominated  by  (b).  It  can  be  nearly 
zero,  if  the  effect  of  (a)  is  more  or  less  the  same  as 
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that  of  (b). 

From  Tables  III-9  to  -17,  one  can  see  that  the 

dW,/dT  is  positive  for  methanol,  primary  alcohols  and 
*2 

water,  and  is  negative  for  secondary  alcohols  and  t- 
butanol.  This  indicates  that  the  dWx /dT  is  dominated  by 
EDI  in  the  latter  and  is  dominated  by  EPI  in  the  former. 

The  composition  dependence  of  the  dW,  /dT  for  each 
category  of  alcohol/water  mixture  is  shown  in  Figure 
III-89.  From  this  figure,  the  following  four  phenomena 
can  be  observed. 

(i)  The  values  of  dWj/dT  in  the  pure  alcohols  are 

widely  scattered,  but  with  the  exception  of  methanol, 

addition  of  10  mole  %  water  brings  them  close  together. 

From  0  to  10  mole  %  water,  the  dWx  /dT  decreases 

drastically  in  primary  alcohol,  but  increases  sharply 

in  t-butanol.  In  addition,  it  decreases  slightly  in 

methanol,  but  increases  gradually  in  secondary  alcohols. 

This  indicates  that  in  primary  alcohol/water  solutions, 

the  dominant  contribution  to  the  dWx/dT  has  shifted 

from  EPI  to  EDI.  In  secondary  alcohols  and  t-butanol/ 

water  mixtures,  the  relative  strength  of  contribution 

has  shifted  from  EDI  toward  EPI,  compared  with  pure 

alcohols,  although  the  value  of  dWj/dT  is  still  nega- 

'2 

tive.  The  behavior  of  dWx/dT  in  me t hano 1 / wa t er  differs 

''i 

from  primary  alcohol/water  solutions.  All  these 
observed  trends  for  the  dWx /dT  are  similar  to  that  for 
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^Amax  (figure  III-19),  and  supports  the  suggestion  that 

when  a  small  amount  of  water  is  added  to  alcohols,  there 

are  at  least  two  different  interferences  affecting  the 

solution  structure.  Just  as  E,  reaches  a  minimum 

Amax 

(Figure  III-19)  around  10  mole  %  water,  so  does  dW  /dT 

% 

reach  a  minimum  (Figure  III-89)  in  this  region.  This 
observation  also  suggests  the  occurrence  of  a  solution 
structure  such  as  that  proposed  earlier  to  account  for 
the  peculiar  behavior  of  E  for  primary  alcohol. 

n.DlEX 

(ii)  In  the  10  to  50  mole  %  water  region,  for  all  the 
alcohols  except  methanol,  dWj/dT  becomes  progressively 
less  negative.  This  indicates  an  increasing  contribu¬ 
tion  from  EPI.  In  methanol/water  mixtures,  it  seems 
nearly  independent  of  composition.  This  behavior  of 
dW^/dT  is  again  similar  to  the  behavior  of  E^max  in 
the  same  region. 

(iii)  From  50  to  98  mole  %  water,  within  the  precision 

of  measurement,  the  behavior  of  dW.  /dT  can  be  considered 

as  composition  independent.  This  trend  is  similar  to 

that  mentioned  above  for  both  E  (Figure  III-19)  and 

Ama  x 

Wj  (Figure  III-20).  This  observation  supports  the 
suggestion  that  in  this  region,  the  excess  electron  rests 
preferentially  in  a  trap  that  is  a  slightly  modified 
water  structure. 

(iv)  Between  98  and  100  mole  %  water,  the  dWx /dT  again 
increases  significantly,  except  for  methanol. 


This 


266  . 


change  is  consistent  with  the  behavior  discussed  in  pre¬ 
vious  sections  for  dE.  /dT,  G£  and  E.  ,  and  again 

Amax  max  Amax 

supports  the  suggestion  that  adding  a  small  amount  of 
alcohol  to  water  affects  the  water  structure. 

In  order  to  check  the  correlations  of  dW^/dT  with 

dEAmax/dT  and  EAmax’  the  ratlos  <dV dT >  '  (dEAmax/dT)  and 
(dW^/dT ) / E^max  have  been  plotted  against  mole  %  water  for 

methanol,  1-propanol,  2-propanol  and  t-butanol/water 
mixtures  (Figures  IV-19,  -20).  The  trends  obtained  from 
these  two  plots  are  similar  to  Figure  III-89. 

By  comparing  Figure  III-88  and  -89,  except  for 
me t hano 1 / wa t er  mixtures,  the  following  correlation  can 
be  obtained:  with  increasing  mole  %  water,  the  behavior 
of  the  temperature  coefficient  of  is  opposite  to 

that  of  the  temperature  coefficient  of  W^.  This  indi¬ 
cates  that  when  the  solvation  trap  is  thermally  more 
stable  in  a  given  alcohol/water  mixture  than  in  the  pure 
alcohol  solvent,  then  dWi/dT  is  mainly  governed  by  EPI. 

On  the  other  hand,  if  the  trap  is  thermally  less  stable 

in  the  solution  than  in  the  pure  solvent,  then  dWx/dT 

"2 

is  mainly  determined  by  EDI.  The  latter  case  is 
observed  only  for  primary  alcohol  in  the  0  to  10  mole  % 
water  region.  The  former  case  is  observed  for  primary 
alcohols  in  the  remaining  mole  %  water  regions  and  for 
secondary  alcohols  and  t-butanol  In  all  regions. 


( ,LP/XI?UIVap )/  ( dP/^MP ) 
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FIGURE  IV-19.  Composition  Dependence  of  (dW2 /dT) / 
(dEAmax^dT^  for  Alc°hol/Water  Mixtures. 

O,  Water;  O,  Methanol;  A,  1-Propanol;  □,  2- 
Propanol ;  V ,  t— Butanol.  Trends  for  other  primary 
and  secondary  alcohols  are  similar  to  that  for  A  and 
for  □  ,  respectively. 
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FIGURE  IV-20.  Composition  Dependence  of  (dWx /dT) / 

2  9  8  2 

EAmax  f°r  A-lcoh°l/Wa t er  Mixtures. 

O,  Water;  Q»  Methanol;  A,  1-Propanol;  □,  2- 

Propanol ,  V ,  t— Butanol.  Trends  for  other  primary 
and  secondary  alcohols  are  similar  to  that  for  A  and 
for  □  j  respectively. 


269  . 


The  values  of  the  ratio  W,  /E4  for  water,  methanol, 

H  Amax  *  * 

1-propanol,  2-propanol,  and  t-butanol,  and  also  for  10  and 
50  mole  %  water  in  these  alcohols,  are  listed  in  Table  IV- 
2,  and  plotted  against  temperature  in  Figures  IV-21  to 
-24.  The  relationship  between  ^^Amax  anc^  temperature 
is  approximately  linear.  All  these  plots  have  a  positive 
slope,  indicating  that  Wx  decreases  less  rapidly  with  in- 
creasing  temperature  than  does  E 

Ams  x 

The  value  of  higher  for  pure  alcohols 

than  for  pure  water  (Table  IV-2  or  Figures  IV-21  to  -24). 

Upon  adding  10  mole  %  water  into  alcohols,  the  value  of 

W]^/E  decreases  towards  the  value  of  pure  water  by 

*  Aina  x 

more  than  the  10  %  change  expected  for  ideal  mixing.  At 
298K,  the  %  decreases  are  respectively  26,  38,  65,  and 
43  for  10  mole  %  water  in  methanol,  1-propanol,  2-pro¬ 
panol,  and  t-butanol.  All  these  decreases  indicate 
selective  solvation  by  water.  When  50  mole  %  water  is 
added,  the  value  of  decreases  by  much  more 

than  the  50%.  At  298K, the  %  decreases  are  respectively 
99,  91,  96  and  90  in  methanol,  1-propanol,  2-propanol, 
and  t-butanol.  These  decreases  again  indicate  selec¬ 
tive  solvation  by  water  and  also  show  that,  above  50 
mole  %  water,  the  excess  electron  rests  preferentially 
in  a  trap  that  is  a  slightly  modified  water  structure. 
Figures  IV-21  to  -24  show  that  at  temperatures  higher 
than  298K,  the  corresponding  %  decrease  in  W^/E^max 


. 
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TABLE  IV- 2 

The  Temperature  Coefficient  of  W^/E^ax  in  Alcohol/Water  Mixtures. 

103(dR/dT) 


<0  |  M  | 

T  .> 

l 

180 

200 

250 

298 

350 

R 

0.55 

0.56 

0.63 

0.72 

0.81 

1.8 

<10 | M| 

T .  > 

l 

180 

200 

250 

298 

350 

R 

0.49 

0.50 

0.59 

0.66 

0.74 

1.5 

<50 | M | 

T .  > 

l 

200 

250 

298 

350 

R 

0.40 

0.43 

0.49 

0.56 

1.2 

<0 1 IP  | 

T .  > 

l 

150 

200 

250 

298 

350 

369 

R 

0.63 

0.68 

0.75 

0.83 

0.95 

0.99 

2.5 

<10 | IP | 

T .  > 

l 

200 

250 

298 

350 

R 

0.62 

0.67 

0.70 

0.76 

0.9 

<50 | IP | 

T .  > 

l 

260 

298 

350 

360 

R 

0.48 

0.52 

0.56 

0.57 

0.8 

<0 1 2P | 

T .  > 

1 

200 

250 

298 

350 

R 

0.75 

0.81 

0.95 

1.09 

2.7 

<10 | 2P | 

T .  > 

X 

200 

250 

298 

350 

R 

0.61 

0.63 

0.65 

0.68 

0.5 

<50 | 2P | 

T .  > 

l 

250 

298 

339 

352 

R 

0.46 

0.52 

0.54 

0.57 

1.1 

<0 | tB | 

T .  > 

l 

298 

325 

350 

R 

0.78 

0.88 

0.83 

2.5 

<10 | tB | 

T .  > 

l 

298 

325 

350 

R 

0.65 

0.70 

0.73 

1.5 

(continued) 


Table  IV-2  (continued) 


<50 | tB 1 

T .  > 

l 

273 

298 

350 

368 

R 

0.47 

0.52 

0.56 

0.69 

1.3 

<100  I W I 

A 

•H 

H 

273 

298 

350 

373 

R 

0.47 

0.49 

0.55 

0.57 

1.0 

R  =  Wi  /E 
"2 


Amax 


Amax 


272  . 


FIGURE  IV-21.  Temperature  Dependence  of  W,  /E  for 

H  Amax 

Methanol/Water  Mixtures. 

o.  Pure  methanol;  A»  10  mole  %  water;  v,  50  mole  % 
water;  Q,  Pure  water. 
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FIGURE  IV- 2 2 .  Temperature  Dependence  of  W,  /E  for 

^  Amax 

1-Propanol/Water  Mixtures. 


O  >  Pure  1-propanol;  A, 10  mole  %  water;  V,  50  mole 


%  water;  Q,  Pure  water. 


h'  Amax 
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Temperature,  K 


FIGURE  IV- 2 3 .  Temperature  Dependence  of  W,  /E  for 

H  Amax 

2-Propanol/ Water  Mixtures. 

O  ,  Pure  2-propanol;  A,  10  mole  %  water;  v>  50  mole 


%  water;  □,  Pure  water. 


Amax 
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FIGURE  IV-24.  Temperature  Dependence  of  f°r 

t-Butanol/Water  Mixtures. 

O’  Pure  t-butanol;  A,  10  mole  %  water;  V»  50  mole 


%  water;  Q,  Pure  water. 
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is  larger  than  those  just  mentioned  for  10  mole  %  water 
mixtures.  It  appears  that  increasing  the  temperature 
favors  selective  solvation  by  water. 

D .  Summary 

A  number  of  observations  can  be  made  about  the 
optical  absorption  spectra  for  solvated  electrons  in 
alcohol /water  mixtures. 

1 .  Pure  Solvents 

The  values  of  E.  for  alcohols  and  water  are 

Amax 

found  as  follows:  methanol  ~  primary  alcohols  (except 
ethanol)  >  water  >  secondary  alcohols  >  t-butanol. 

This  is  due  to  the  difference  in  each  liquid’s  structure. 
The  values  of  W  are  as  follows:  primary  alcohols  > 
methanol  >  secondary  alcohols  >  t-butanol  ~  water.  This 
is  accounted  for  by  the  environment  of  the  a-carbon  in 
the  alkyl  group  which  provides  an  extra,  higher  excited 
state . 

2 .  Alcohol/Water  Mixtures 

(a)  Effect  of  Composition 

In  the  vicinity  of  pure  alcohols,  when  a  small 

amount  of  water  is  added  the  EA  for  the  solution  has 

Amax 

two  trends,  depending  upon  the  nature  of  the  alcohol. 

The  value  of  E,  decreases  as  mole  %  water  increases 

Amax 

in  methanol  and  primary  alcohols,  and  it  increases  for 
secondary  alcohols  and  t-butanol.  The  plots  are  con- 
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cave  upward  for  the  former  and  concave  downward  for  the. 
latter.  In  contrast,  the  values  of  W-,  decrease  with  in- 
creasing  mole  %  water,  all  curves  being  concave  upward. 
All  these  indicate  the  selective  solvation  of  the  excess 
electrons  by  water. 

In  the  very  high  mole  %  water  region,  the  values 
of  E^max  increase  significantly  for  all  alcohol/water 
mixtures,  but  the  values  of  are  independent  of  com¬ 

position.  This  indicates  that  when  a  small  amount  of 
alcohol  is  added,  the  liquid  structure  of  water  is 
altered  to  make  the  depth  of  solvation  trap  slightly 

deeper.  The  observed  eccentric  behavior  of  Ge  in 

max 

this  region,  that  is,  Gemax  increases  sharply  as  mole  % 

alcohol  increases  and  then  decreases,  also  indicates 

that  the  liquid  structure  of  water  is  changed. 

Around  10  mole  %  water  in  primary  alcohols, 

E,  has  been  found  to  reach  a  minimum  that  is  close 

Amax 

to  or  slightly  less  than  the  value  for  pure  water.  This 

premature  minimum  shows  the  existence  of  a  solution 

structure  that  is  peculiar  to  this  mole  %  region. 

Between  10  and  50  mole  %  water,  E.  gradually  increases 

Amax 

to  a  plateau  value  which  is  slightly  higher  than  that 
for  pure  water . 

From  50  to  about  97  mole  %  water,  both  E.  and 

Amax 

Wx  are  nearly  composition  independent.  This  indicates 
that  the  excess  electron  rests  preferentially  in  a 
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trap  composed  of  a  slightly  modified  water  structure. 

(b)  Effect  of  Temperature 

In  contrast  to  the  spectrum  behavior  as  a  function 

of  composition,  the  shape  of  the  solvated  electron 

absorption  spectrum  changes  little  with  temperature. 

The  value  of  E.  decreases  as  temperature  increases 

Amax 

for  electrons  in  all  the  solutions  and  pure  compounds. 

This  is  mainly  due  to  the  trap  becoming  more  shallow 
with  increasing  temperature.  The  temperature  coefficient, 
-dE^max/dT,  of  water  is  less  than  for  pure  alcohols,  in¬ 
dicating  the  trap  to  solvate  the  excess  electron  is 
relatively  less  sensitive  to  temperature  in  water  than 
in  the  pure  alcohols. 

The  value  of  Wx  changes  only  slightly  with  in- 
creasing  temperature.  In  some  solutions  it  increases, 
in  others  it  decreases  or  remains  nearly  constant.  This 
may  be  accounted  for  by  the  competition  between  the 
effects  of  the  electron-phonon  interaction  and  the 
electron-dipole  interaction. 

Temperature  dependence  of  is  approximat¬ 

ely  linear  with  positive  slope  for  all  solutions,  in¬ 
cluding  pure  compounds.  The  value  of 

higher  for  alcohols  than  for  water.  In  10  mole  %  water 
solutions,  it  decreases  towards  the  value  of  water  by 
more  than  the  10%  change  expected  for  ideal  mixing. 
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This  indicates  the  selective  solvation  by  water.  In 
50  mole  %  water  solution,  the  %  decrease  towards  the 
pure  water  value  is  more  than  90%,  indicating  that  the 
excess  electron  rests  preferentially  in  a  trap  that  is 
a  slightly  modified  water  structure.  The  %  decrease 
in  i-s  larger  with  increasing  temperature,  for 

a  given  solution.  This  shows  that  increasing  the  tem¬ 
perature  favors  selective  solvation  by  water. 


(c)  Composition  Dependence  of  Temperature 
Coef  f icient . 

In  the  0  to  10  mole  %  water  region,  -dE  /dT  in- 

AD1HX 

creases  drastically  in  methanol  and  primary  alcohols, 
but  decreases  sharply  in  secondary  alcohols  and  t-but- 
anol.  An  increasing  temperature  coefficient  indicates 
a  decreasing  thermal  stability  of  the  solvation  struc¬ 
ture,  and  vice  versa.  In  the  10  to  98  mole  %  water 
region,  -dE^  /dT  decreases  gradually  with  increasing 
water  concentration.  Between  98  and  100  mole  %  water, 
-dE  /dT  again  decreases  significantly.  The  last 

Am  3.  X 

change  indicates  that  the  addition  of  a  small  amount 
of  alcohol  to  water  affects  the  water  structure. 


The  behaviors  of-dE.  /dT  and  dW,/dT  as  a 

Amax  ^ 

function  of  composition  are  similar  to  that  of  E 


Amax 


itself.  The  behavior  of  W,  itself  with  composition 

*2 


is  quite  different  from  these. 
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V. 


APPENDIX 


Spectra  Analysis 

A .  Deconvolution  of  Absorption  Spectra 

In  obtaining  secondary  parameters  of  an  absorption 
spectrum,  the  choice  of  constraints  in  the  method  of 
deconvolution  mentioned  on  pages  75  and  76  is  arbit¬ 
rary.  Examples  of  attempts  to  deconvolute  the  optical 
absorption  spectrum  of  solvated  electrons  in  pure 
methanol  at  298K  are  shown  in  Figures  V-l  to  -3.  In 
Figures  V-l  and  -2,  for  the  first  Gaussian  band  the 

relative  absorbance  A,  /A  for  the  band  maximum 

lmax  max 

is  required  to  be  greater  than  80%  of  the  observed 

band  maximum,  and  the  maximum  error  for  fit  between 

generated  and  observed  bands  is  required  to  be  less 

than  +2%.  For  the  second  Gaussian  band,  in  Figure 

V-l  the  maximum  error  has  been  kept  the  same  as  for 

the  first  Gaussian,  +2%,  whereas  in  Figure  V-2  a 

maximum  error  of  +3%  has  been  allowed  for  the  second 

Gaussian  band.  The  restrictions  are  less  stringent 

in  Figure  V-3.  The  value  of  A,  /A  for  the 

lmax  max 

maximum  of  the  first  Gaussian  band  is  only  required 
to  be  greater  than  60%  of  the  observed  band  maximum, 
and  the  maximum  error  between  generated  and  observed 
bands  is  only  required  to  be  less  than  +3%  for  each 
of  the  three  Gaussians  that  were  extracted. 
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FIGURE  V-2 .  Band  Deconvolution  in  Methanol  at  298K.  Symbols  as  in  Figure 
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FIGURE  V-3.  Band  Deconvolution  in  Methanol  at  298K.  Symbols  as  in  Figure  V-l,  and  3,  Third 
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The  results  obtained  from  these  figures  are  sum¬ 
marized  in  Table  V-l.  From  this  table,  it  can  be  seen 
that: 


(1)  Allowing  the  maximum  %  error  to  be  changed  from 

1.7  to  2.5  for  deconvolut ing  the  second  Gaussian  band 

allows  about  60,  8,  and  47%  increases  in  A_  /A  , 

2max  max 

EA2max ’  and  g2’  respectively. 


(2)  Allowing  the  relative  absorbance  A,  /A  of 

lmax  max 

the  first  Gaussian  to  be  changed  from  0.83  to  0.64 

causes  5  and  10%  decreases  in  E.,  and  gn ,  respect- 

ively.  The  resulting  changes  allowed  in  the  second 

Gaussian  band  are:  A~  /A  and  g_  increase  respect- 

ively  30  and  14%,  and  E^max  decreases  4%.  If  the 

values  of  A,  /A  and  g.  are  lower,  then  the  cor- 
lmax  max  °1 

responding  values  for  the  second  Gaussian  can  be 


higher . 


(3)  The  magnitudes  of  the  g  values  for  the  three 
Gaussians  in  case  III,  decrease  in  the  order  of  g^  > 

g2  >  §3* 

Although  the  arbitrariness  in  the  choice  of  con¬ 
straints  to  deconvolute  the  absorption  spectrum  has 
been  illustrated  in  Figures  V-l  to  -3,  the 
deconvolution  of  the  spectra  in  mixed  solvents  has  been 
done  under  the  following  constraints: 


N 
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TABLE  V-l 

Parameters  for  Deconvoluting  the  Absorption  Spectra  of  Methanol 

into  Gaussian  Bands  at  298K 


The 

i§ 

First 

ii5 

Band 

III1 

A.  M 

imax  max 

0.83 

0.83 

0.64 

^ A imax 

eV 

1.79 

1.79 

1.69 

* 

8i 

eV 

0.35 

0.35 

0.32 

A  + 
max 

% 

1.7 

1.7 

1.7 

The  Second  Band  The  Third  Band 


i5 

n5 

§ 

III 

§ 

III 

0.35 

0.57 

0.74 

0.52 

2.04 

2.21 

2.11 

2.55 

0.17 

0.25 

0.29 

0.22 

1.7 

2,5 

2.5 

2.5 

§  I,  II  and  III  indicate  Figures  V-l,  -2  and  -3,  respectively. 
*  g  represents  half  of  the  width  at  half-height  in  generated 
Gaussian  band. 

+ 

A  =  The  maximum  %  error  between  the  generated  and  the 
max 

observed  bands  in  terms  of  the  relative  absorbance. 


■ 

* 

' 


f 
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(a)  Tentatively,  only  two  Gaussian  bands  are  extracted 
from  each  absorption  spectrum. 

(b)  For  the  first  Gaussian  band,  the  constraints  are 
the  same  as  required  for  the  band  deconvolution  in  Figure 
V- 2  . 

(c)  For  the  second  Gaussian  band,  the  value  of  A/A 

-  max 

for  the  band  maximum  is  required  to  be  greater  than  80% 
of  the  band  maximum  for  the  residual  band  obtained  from 
(b)  . 

(d)  The  maximum  difference  between  the  sum  of  the  two 
generated  bands  and  the  observed  band  will  be  +3%. 

The  results  obtained  from  this  type  of  deconvo¬ 
lution  for  each  alcohol/water  mixture  are  summarized 
in  Tables  V-3  to  -10.  The  results  for  water  are 
listed  in  Table  V-2.  Representative  spectra  obtained 
from  this  deconvolution  are  shown  in  Figures  V-4  to 
-20  for  water,  methanol,  1-propanol,  2-propanol,  and 
t-butanol.  These  alcohols  were  selected  to  represent 
the  four  categories  used  in  this  study,  i.e.,  methanol, 
primary,  secondary  and  tertiary  alcohols.  The  tem¬ 
perature  in  all  cases  is  298K.  The  validity  of  these 
parameters  will  be  discussed  in  the  last  section  of 


this  chap  ter  . 


j  j.  ;  : 
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TABLE  V-2 


Secondary  Parameters  of  Solvated  Electrons  In  Water  at  Different 

■k 

Temperatures 


<ioo|w|t.> 

1  1  i 

Code 

No. 

155 

152 

153 

154 

T 

K 

273 

298 

350 

373 

Ai 

0.98 

0.99 

0.99 

0.99 

A2 

0.33 

0.27 

0.21 

0.21 

ei 

eV 

1.79 

1.74 

1.62 

1.57 

E2 

eV 

2.36 

2.29 

2.34 

2.26 

gl 

eV 

0.34 

0.35 

0.40 

0.41 

g2 

eV 

0.27 

0.23 

0.29 

0.29 

£i 

0.60 

0.64 

0.73 

0.74 

f  2 

0.16 

0.12 

0.11 

0.11 

f3 

0.24 

0.24 

0.16 

0.15 

< 

eV 

2.38 

2.27 

2.35 

2.27 

CL 

3.9 

4.0 

4.1 

4.3 

*  where  A 

is  the 

relative 

absorbance  of  band 

maximum 

with  respect 

to  (w.r. 

t.)  the 

observed  A/A  ; 

max 

E  is  the 

energy  of 

band  maxi- 

mum;  g  is  the  half  of  the  width  at  half-height  of  Gaussian 

band;  and  f  is  the  area  ratio  of  Gaussian  band  w.r.t.  the 

observed  band.  Subscript  1  indicates  first  Gaussian  band,  2 

indicates  second  Gaussian  band,  3  indicates  residual  high  energy 
c 


tail.  E, 
b 

transition, 
vs  E  curve. 


represents  the  threshold  energy  of  bound-continuum 


while  a  indicates  the  descending  power  of  A/A 

b  r  max 


in  which  E  is  greater  than  E^max* 


-X- 
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TABLE  V-3 


Secondary  Parameters  of  Solvated  Electrons  in  Methanol/Water  at 

Different  Temperatures 


<0 1 M 1 T . > 

1  1  l 

Code  No. 

5 

4 

3 

1 

2 

T 

K 

180 

200 

250 

298 

350 

Ai 

0.89 

0.90 

0.90 

0.82 

0.90 

A2 

0.63 

0.54 

0.57 

0.59 

0.63 

E1 

eV 

2.12 

2.10 

1.95 

1.79 

1.66 

E2 

eV 

2.49 

2.56 

2.41 

2.22 

2.19 

gl 

eV 

0.28 

0.33 

0.34 

0.35 

0.35 

g2 

eV 

0.19 

0.26 

0.25 

0.26 

0.30 

fi 

0.28 

0.32 

0.33 

0.30 

0.33 

f2 

0.13 

0.15 

0.15 

0.16 

0.19 

f  3 

0.59 

0.53 

0.52 

0.54 

0.48 

S 

eV 

2.48 

2.49 

2.35 

2.20 

2.09 

a 

2.8 

2.7 

2.8 

2.7 

2.7 

<io|m|t.> 

1  1  i 

Code  No. 

16 

15 

14 

13 

17 

T 

K 

180 

200 

250 

298 

350 

Ai 

0.90 

0.92 

0.93 

0.90 

0.91 

A2 

0.51 

0.47 

0.50 

0.47 

0.52 

E1 

eV 

2.19 

2.14 

1.98 

1.80 

1.59 

E2 

eV 

2.61 

2.51 

2.44 

2.30 

2.05 

gl 

eV 

0.31 

0.31 

0.36 

0.38 

0.35 

g2 

eV 

0.25 

0.20 

0.24  0.29 

(continued) 

0.26 
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TABLE  V-3  (continued) 


£1 

0.36 

0.38 

0.41 

0.42  0.39 

f2 

0.16 

0.12 

0.15 

0.17  0.16 

f  3 

0.48 

0.50 

0.44 

0.41  0.45 

Eb 

eV 

2.54 

2.44 

2.41 

2.24  1.99 

a 

3.3 

3.3 

3.3 

3.1  3.0 

<50|m|t  > 

Code  No. 

20 

19 

18 

21 

T 

K 

200 

250 

298 

350 

Ai 

0.92 

0.91 

0.92 

0.91 

A2 

0.48 

0.42 

0.44 

0.51 

E1 

eV 

2.07 

1.94 

1.75 

1.56 

E2 

eV 

2.52 

2.45 

2.16 

1.93 

81 

eV 

0.26 

0.31 

0.31 

0.30 

g2 

eV 

0.28 

0.33 

0.24 

0.20 

£! 

0.41 

0.47 

0.47 

0.44 

f  2 

0.23 

0.23 

0.17 

0.17 

f3 

0.36 

0.30* 

0.36 

0.39 

Eb 

eV 

2.48 

2.25 

2.10 

1.89 

a 

3.7 

3.7 

3.6 

3.6 

<98 | M | T±> 

Code  No. 

23 

22 

24 

25 

T 

K 

273 

298 

350 

370 

Ai 

0.98 

0.96 

0.99 

0.99 

A2 

0.33 

0.39 

0.33 

0.26 

ei 

eV 

1.79 

1.68 

1.58 

1.55 

(continued) 

. 

TABLE  V-3  (continued) 


E2 

eV 

2.27 

2.09 

2.13 

2.15 

81 

eV 

0.32 

0.31 

0.34 

0.37 

s2 

eV 

0.26 

0.21 

0.27 

0.30 

£1 

0.39 

0.55 

0.63 

0.68 

f2 

0.16 

0.16 

0.16 

0.15 

f  3 

0.25 

0.29 

0.21 

0.17 

eV 

2.28 

2.08 

2.08 

2.16 

a 

4.3 

4.3 

4.2 

4.2 
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TABLE  V-4 

Secondary  Parameters  of  Solvated  Electrons  in  Ethanol/Water  at 

Different  Temperatures 


<0  I E 1 T . > 

1  1  l 

Code  No. 

28 

27 

26 

6 

29 

T 

K 

160 

200 

250 

298 

350 

Ai 

0.86 

0.89 

0.90 

0.89 

0.88 

A2 

0.63 

0.66 

0.61 

0.63 

0.59 

E1 

eV 

2.08 

1.97 

1.84 

1.67 

1.48 

E2 

eV 

2.51 

2.43 

2.32 

2.20 

1.94 

81 

eV 

0.32 

0.32 

0.34 

0.37 

0.35 

g2 

eV 

0.25 

0.24 

0.26 

0.29 

0.26 

£i 

0.22 

0.24 

0.26 

0.27 

0.26 

f2 

0.13 

0.13 

0.13 

0.15 

0.13 

f3 

0.65 

0.63 

0.61 

0.58 

0.61 

Eb 

eV 

2.46 

2.39 

2.26 

2.12 

1.87 

a 

2.2 

2.2 

2.3 

2.3 

2.1 

<10 1 E | T . > 

1  1  l 

Code  No. 

34 

33 

32 

31 

30 

T 

K 

160 

200 

250 

298 

350 

Ai 

0.93 

0.94 

0.88 

0.88 

0.91 

A2 

0.60 

0.55 

0.56 

0.53 

0.53 

E1 

eV 

2.12 

2.04 

1.77 

1.56 

1.41 

E2 

eV 

2.56 

2.57 

2.19 

1.93 

1.78 

81 

eV 

0.31 

0.36 

0.34 

0.32 

0.31 

go 

eV 

0.23 

0.28 

0.24 

0.20 

0.20 

(continued) 
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TABLE  V-4  (continued) 


fl 

0.27 

0.35 

0.32 

0.33 

0.35 

f2 

0.13 

0.16 

0.14 

0.12 

0.13 

f3 

0.60 

0.49 

0.54 

0.55 

0.52 

■£ 

eV 

2.52 

2.49 

2.15 

1.90 

1.73 

a 

2.5 

2.7 

2.7 

2.6 

2.6 

<50 | E | Ti> 

Code  No. 

38 

37 

36 

35 

T 

K 

222 

250 

298 

350 

Ai 

0.98 

0.94 

0.94 

0.93 

A2 

0.41 

0.35 

0.41 

0.42 

E1 

eV 

1.99 

1.90 

1.70 

1.54 

E2 

eV 

2.44 

2.35 

2.10 

1.93 

81 

eV 

0.31 

0.33 

0.32 

0.31 

82 

eV 

0.22 

0.27 

0.21 

0.22 

£i 

0.51 

0.53 

0.51 

0.52 

f2 

0.15 

0.16 

0.15 

0.16 

f3 

0.34 

0.31 

0.34 

0.32 

c 

Eb 

eV 

2.47 

2.34 

2.08 

1.94 

a 

3.9 

3.9 

3.9 

3.8 

<98 | E | T±> 

Code  No. 

40 

39 

41 

42 

T 

K 

273 

298 

350 

366 

Ai 

0.98 

0.98 

0.97 

0.98 

A2 

0.32 

0.31 

0.29 

0.29 

E- 

eV 

1.80 

1.72 

1.58 

1.53 

(continued) 
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TABLE  V-4  (continued) 


E2 

eV 

2.28 

2.16 

2.13 

2.02 

81 

eV 

0.32 

0.33 

0.36 

0.36 

g2 

.  eV 

0.25 

0.23 

0.29 

0.24 

fl 

0.61 

0.62 

0. 66 

0. 66 

f2 

0.15 

0.13 

0.15 

0.13 

f3 

0.24 

0.25 

0.19 

0.21 

c 

Eb 

eV 

2.21 

2.17 

2.14 

2.01 

a 

4.5 

4.4 

4.4 

4.4 

318 


TABLE  V-5 

Secondary  Parameters  of  Solvated  Electrons  in  1-Propanol/Water  at 

Different  Temperatures 


<0I 

lp 1 T . > 

1  l 

Code  No. 

47 

46 

45 

7 

43 

44 

T 

K 

150 

200 

250 

298 

350 

369 

A1 

0.86 

0.91 

0.89 

0.93 

0.89 

0.89 

A2 

0. 66 

0.59 

0.66 

0.52 

0.71 

0.66 

E1 

eV 

2.19 

2.09 

1.92 

1.78 

1.53 

1.47 

E2 

eV 

2.65 

2.54 

2.43 

2.25 

2.05 

2.08 

81 

eV 

0.35 

0.37 

0.37 

0.40 

0.36 

0.41 

g2 

eV 

0.25 

0.22 

0.27 

0.24 

0.28 

0.34 

fi 

0.28 

0.31 

0.30 

0.33 

0.29 

0.32 

f2 

0.15 

0.12 

0.16 

0.11 

0.17 

0.20 

f  3 

0.57 

0.57 

0.54 

0.56 

0.54 

0.48 

c 

Eb 

eV 

2.61 

2.50 

2.39 

2.16 

2.01 

2.07 

a 

2.7 

2.7 

2.7 

2.6 

2.5 

2.5 

<10 

1  IP  1 T . > 

1  1  l 

Code  No. 

61 

60 

59 

62 

T 

K 

200 

250 

298 

350 

Ai 

0.94 

0.90 

0.87 

0.90 

A2 

0.55 

0.56 

0.66 

0.53 

E1 

eV 

2.09 

1.83 

1.55 

1.42 

E2 

eV 

2.63 

2.39 

1.98 

1.75 

81 

eV 

0.38 

0.39 

0.32 

0.30 

g2 

eV 

0.28 

0.32 

0.24 

0.18 

(continued) 
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TABLE  V-5  (continued) 


fl 

0.40 

0.40 

0.35 

0.37 

f2 

0.17 

0.21 

0.20 

0.13 

f3 

0.43 

0.39 

0.45 

0.50 

c 

Eb 

eV 

2.60 

2.35 

1.97 

1.71 

a 

3.1 

3.1 

3.2 

3.2 

<50 | IP | T±> 

Code  No. 

52 

51 

53 

54 

T 

K 

260 

298 

350 

360 

Ai 

0.97 

0.97 

0.97 

0.96 

A2 

0.37 

0.35 

0.38 

0.38 

E1 

eV 

1.86 

1.73 

1.55 

1.53 

E2 

eV 

2.29 

2.16 

1.96 

1.97 

gl 

eV 

0.33 

0.34 

0.32 

0.33 

g2 

eV 

0.23 

0.22 

0.21 

0.22 

fi 

0.55 

0.56 

0.55 

0.56 

f2 

0.14 

0.13 

0.14 

0.15 

f3 

0.31 

0.31 

0.31 

0.29 

Eb 

eV 

2.26 

2.14 

1.95 

1.92 

a 

4.1 

3.9 

4.0 

4.0 

<98 | IP |t  > 

Code  No. 

58 

57 

55 

56 

T 

K 

273 

298 

350 

363 

Ai 

0.99 

0.99 

0.99 

1.00 

A2 

0.31 

0.33 

0.28 

0.21 

E1 

eV 

1.80 

1.72 

1.59 

1.59 

(continued) 
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TABLE  V-5  (continued) 


E2 

eV 

2.24 

2.25 

2.13 

2.22 

81 

eV 

0.33 

0.34 

0.35 

0.39 

82 

eV 

0.22 

0.26 

0.25 

0.25 

£i 

0.60 

0.60 

0.66 

0.73 

f  2 

0.13 

0.18 

0.13 

0.10 

£3 

0.27 

0.22 

0.21 

0.17 

* 

eV 

2.23 

2.18 

2.10 

2.23 

a 

4.3 

4.3 

4.3 

4.6 
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TABLE  V-6 

Secondary  Parameters  of  Solvated  Electrons  in  2-Propanol/Water  at 


Different 

Temperatures 

<0 I 2P I T . > 

1  1  l 

Code  No. 

49 

48 

8 

50 

T 

K 

200 

250 

298 

350 

Ai 

0.92 

0.91 

0.85 

0.87 

A2 

0.69 

0.66 

0.52 

0.72 

E1 

eV 

1.80 

1.63 

1.40 

1.11 

E2 

eV 

2.27 

2.10 

1.88 

1.56 

gl 

eV 

0.30 

0.31 

0.36 

0.29 

g2 

eV 

0.25 

0.25 

0.31 

0.25 

fi 

0.25 

0.25 

0.27 

0.23 

f2 

0.16 

0.15 

0.14 

0.16 

f3 

0.59 

0.60 

0.59 

0.61 

c 

Eb 

eV 

2.27 

2.08 

1.80 

1.53 

a 

2.3 

2.2 

2.1 

2.0 

<io|2p|t.> 

1  1  1 

Code  No. 

64 

63 

83 

66 

T 

K 

200 

250 

298 

350 

Ai 

0.87 

0.84 

0.90 

0.97 

A2 

0.47 

0.54 

0.59 

0.38 

E1 

eV 

1.79 

1.56 

1.50 

1.37 

E2 

eV 

2.24 

1.92 

1.98 

1.80 

81 

eV 

0.35 

0.31 

0.35 

0.33 

g2 

eV 

0.28 

0.21 

0.29 

0.21 

(continued) 
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TABLE  V-6  (continued) 


fl 

0.37 

0.35 

0.36 

0.49 

f2 

0.16 

0.15 

0.16 

0.13 

f3 

0.47 

0.50 

0.48 

0.38 

Eb 

eV 

2.17 

1.88 

1.77 

1.78 

a 

2.8 

2.9 

3.0 

3.0 

<50 | 2P | T±> 

Code  No. 

70 

67 

68 

69 

T 

K 

250 

298 

339 

352 

Ai 

0.96 

0.97 

0.91 

0.93 

A2 

0.30 

0.35 

0.42 

0.41 

E1 

eV 

1.88 

1.69 

1.56 

1.49 

E2 

eV 

2.35 

2.13 

1.92 

1.86 

81 

eV 

0.35 

0.33 

0.31 

0.31 

g2 

eV 

0.26 

0.23 

0.21 

0.21 

L 

0.59 

0.58 

0.52 

0.54 

f2 

0.14 

0.14 

0.16 

0.16 

f  3 

0.27 

0.27 

0.32 

0.30 

“b 

eV 

2.31 

2.13 

1.87 

1.85 

a 

4.2 

4.2 

4.2 

4.2 

<98 | 2P | Ti> 

Code  No. 

71 

72 

73 

74 

T 

K 

273 

298 

339 

360 

Ai 

0.98 

0.99 

0.99 

0.98 

A2 

0.31 

0.29 

0.40 

0.28 

E1 

eV 

1.80 

1.74 

1.61 

1.56 

(continued) 
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TABLE  V-6  (continued) 


E2 

eV 

2.32 

2.27 

2.01 

2.11 

81 

eV 

0.33 

0.35 

0.30 

0.36 

g2 

eV 

0.25 

0.25 

0.19 

0.28 

fl 

0.60 

0.62 

0.56 

0.67 

f2 

0.15 

0.16 

0.14 

0.15 

f3 

0.25 

0.24 

0.30 

0.18 

eV 

2.31 

2.25 

1.96 

2.10 

a 

4.1 

4.2 

4.3 

4.3 
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TABLE  V-7 

Secondary  Parameters  of  Solvated  Electrons  in  1-Butanol/Water  at 

Different  Temperatures 


<0 I IB  I T . > 

1  1  l 

Code  No. 

87 

88 

9 

89 

90 

T 

K 

200 

250 

298 

350 

388 

Ai 

0.85 

0.80 

0.89 

0.85 

0.81 

A2 

0.64 

0. 66 

0.53 

0.54 

0.63 

E1 

eV 

2.08 

1.87 

1.84 

1.62 

1.33 

E2 

eV 

2.56 

2.33 

2.35 

2.21 

1.84 

S1 

eV 

0.36 

0.35 

0.43 

0.46 

0.41 

S2 

eV 

0.28 

0.27 

0.30 

0.37 

0.29 

£i 

0.29 

0.26 

0.35 

0.35 

0.29 

f2 

0.17 

0.17 

0.14 

0.18 

0.16 

f3 

0.54 

0.57 

0.51 

0.47 

0.55 

* 

eV 

2.52 

2.24 

2.30 

2.08 

1.75 

a 

2.7 

2.8 

2.6 

2.6 

2.4 

<io|ib|t.> 

1  1  1 

Code  No. 

130 

129 

126 

127 

128 

T 

K 

200 

250 

298 

350 

373 

Ai 

0.95 

0.93 

0.92 

0.92 

0.91 

A2 

0.53 

0.51 

0.51 

0.52 

0.48 

ei 

eV 

2.12 

1.87 

1.66 

1.45 

1.40 

E2 

eV 

2.70 

2.44 

2.27 

1.91 

1.95 

81 

eV 

0.39 

0.42 

0.39 

0.34 

0.36 

g2 

eV 

0.31 

0.31 

0.35 

0.25 

0.32 

(continued) 
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TABLE  V-7  (continued) 


£1 

0.36 

0.41 

0.42 

0.41 

0.45 

f2 

0.16 

0.17 

0.21 

0.17 

0.21 

f3 

0.48 

0.42 

0.37 

0.42 

0.34 

c 

Eb 

eV 

2.68 

2.44 

2.30 

1.88 

1.92 

a 

2.6 

2.8 

2.8 

2.9 

2.9 

<50 | IB | T±> 

Code  No. 

148 

149 

150 

151 

T 

K 

298 

325 

350 

364 

Ai 

0.98 

0.98 

0.98 

0.98 

A2 

0.29 

0.32 

0.36 

0.33 

E1 

eV 

1.77 

1.67 

1.57 

1.54 

E2 

eV 

2.40 

2.18 

2.09 

2.12 

^1 

eV 

0.36 

0.35 

0.34 

0.35 

g2 

eV 

0.32 

0.26 

0.25 

0.25 

fi 

0.60 

0.59 

0.58 

0.59 

f2 

0.16 

0.14 

0.15 

0.14 

f3 

0.24 

0.27 

0.27 

0.27 

K 

eV 

2.39 

2.16 

2.08 

2.04 

a 

3.7 

3.8 

3.8 

3.8 

<98 | IB | T±> 

Code  No. 

123 

122 

124 

125 

T 

K 

273 

298 

350 

363 

A! 

0.99 

0.98 

0.99 

1.00 

A2 

0.35 

0.35 

0.26 

0.31 

E. 

eV 

1.79 

1.72 

1.61 

1.55 

(continued) 
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TABLE  V-7  (continued) 


E2 

eV 

2.26 

2.21 

2.25 

2.01 

81 

eV 

0.32 

0.33 

0.38 

0.35 

g2 

eV 

0.22 

0.24 

0.31 

0.19 

fi 

0.59 

0.60 

0.68 

0.64 

f2 

0.15 

0.16 

0.14 

0.11 

f3 

0.26 

0.24 

0.18 

0.25 

c 

Eb 

eV 

2.27 

2.18 

2.25 

2.04 

a 

4.2 

4.2 

4.1 

4.0 
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TABLE  V-8 

Secondary  Parameters  of  Solvated  Electrons  in  iso-Butanol/Water  at 


Different  Temperatures 


<0  iB  T . > 

1  1  l 

Code  No. 

95 

95 

93 

10 

91 

92 

T 

K 

170 

200 

250 

298 

350 

378 

Ai 

0.83 

0.86 

0.84 

0.90 

0.84 

0.92 

A2 

0.61 

0.58 

0.64 

0.59 

0.56 

0.48 

ei 

eV 

2.15 

2.17 

1.94 

1.76 

1.60 

1.45 

E2 

eV 

2.64 

2.68 

2.44 

2.25 

2.20 

2.13 

81 

eV 

0.40 

0.40 

0.37 

0.38 

0.48 

0.53 

g2 

eV 

0.28 

0.31 

0.28 

0.25 

0.37 

0.39 

fi 

0.31 

0.32 

0.29 

0.31 

0.36 

0.41 

f2 

0.16 

0.17 

0.17 

0.14 

0.18 

0.16 

f3 

0.53 

0.51 

0.54 

0.55 

0.46 

0.43 

K 

eV 

2.58 

2.55 

2.36 

2.18 

2.14 

2.08 

a 

2.8 

2.8 

2.8 

2.6 

2.6 

2.4 

<10 1 IB  1 T . > 

1  1  l 

Code  No. 

135 

134 

131 

132 

133 

T 

K 

200 

250 

298 

350 

365 

Ai 

0.97 

0.95 

0.93 

0.95 

0.94 

A2 

0.51 

0.46 

0.50 

0.45 

0.48 

ei 

eV 

2.14 

1.89 

1.66 

1.50 

1.41 

E2 

eV 

2.71 

2.58 

2.26 

2.14 

1.95 

81 

eV 

0.41 

0.42 

0.38 

0.38 

0.36 

go 

eV 

0.28 

0.38 

0.34 

0.35 

0.29 

(continued) 
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TABLE  V-8  (continued) 


£1 

0.39 

0.43 

0.43 

0.48 

0.46 

f2 

0.14 

0.19 

0.21 

0.21 

0.19 

f3 

0.47 

0.38 

0.36 

0.31 

0.35 

c 

Eb 

eV 

2.68 

2.55 

2.27 

2.16 

1.95 

a 

2.8 

2.8 

2.8 

2.9 

2.9 

<50 | ±B | T±> 

Code  No. 

144 

145 

146 

147 

T 

K 

286 

298 

325 

350 

Ai 

0.98 

0.99 

0.99 

0.98 

A2 

0.34 

0.34 

0.34 

0.32 

ei 

eV 

1.78 

1.75 

1.66 

1.58 

E2 

eV 

2.26 

2.27 

2.16 

2.11 

81 

eV 

0.34 

0.34 

0.34 

0.35 

g2 

eV 

0.25 

0.27 

0.24 

0.26 

fi 

0.57 

0.58 

0.59 

0.61 

f2 

0.15 

0.16 

0.14 

0.15 

f3 

0.28 

0.26 

0.27 

0.24 

c 

Eb 

eV 

2.22 

2.26 

2.19 

2.09 

a 

4.0 

3.9 

3.9 

3.8 

<98 | ±B | T±> 

Code  No. 

119 

118 

120 

121 

T 

K 

273 

298 

350 

363 

Ai 

0.99 

0.99 

1.00 

0.99 

A2 

0.31 

0.32 

0.23 

0.23 

E1 

eV 

1.81 

1.73 

1.61 

1.58 

(continued) 
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TABLE  V-8  (continued) 


E2 

eV 

2.37 

2.25 

2.17 

2.20 

81 

eV 

0.34 

0.34 

0.38 

0.38 

g2 

eV 

0.25 

0.26 

0.22 

0.29 

fi 

0.62 

0.62 

0.70 

0.70 

f2 

0.14 

0.15 

0.10 

0.12 

f3 

0.24 

0.23 

0.20 

0.18 

Eb 

eV 

2.36 

2.26 

2.18 

2.18 

a 

4.1 

4.2 

4.3 

4.1 
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TABLE  V-9 


Secondary  Parameters  of  Solvated  Electrons  in  2-Butanol/Water  at 

Different  Temperatures 


<0| 

|  2B 1 T . > 

1  1  l 

Code  No. 

100 

99 

98 

156 

96 

97 

T 

K 

163 

200 

250 

298 

350 

370 

A1 

0.89 

0.84 

0.86 

0.88 

,0.88 

0.87 

A2 

0.66 

0.69 

0.71 

0.57 

0.53 

0.49 

E1 

eV 

1.88 

1.81 

1.65 

1.51 

1.25 

1.14 

E2 

eV 

2.40 

2.25 

2.13 

1.99 

1.79 

1.65 

81 

eV 

0.36 

0.33 

0.32 

0.39 

0.40 

0.39 

g2 

eV 

0.29 

0.24 

0.27 

0.26 

0.32 

0.31 

fi 

0.15 

0.15 

0.18 

0.25 

0.25 

0.25 

f2 

0.09 

0.10 

0.12 

0.11 

0.12 

0.11 

f3 

0.76 

0.75 

0.70 

0.64 

0.63 

0.64 

c 

Eb 

eV 

2.37 

2.20 

2.05 

1.93 

1.75 

1.62 

a 

1.6 

1.7 

1.9 

1.9 

1.7 

1.6 

<10 

|2B|Ti> 

Code  No. 

139 

138 

136 

137 

T 

K 

200 

250 

298 

350 

Ai 

0.97 

0.95 

0.93 

0.96 

A2 

0.33 

0.36 

0.37 

0.43 

ei 

eV 

1.96 

1.75 

1.58 

1.41 

E2 

eV 

2.70 

2.44 

2.23 

1.96 

gl 

eV 

0.45 

0.40 

0.39 

0.32 

eV 

0.39 

0.40 

0.39 

0.26 

(continued) 
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TABLE  V-9  (continued) 


fl 

0.57 

0.53 

0.53 

0.50 

£2 

0.17 

0.20 

0.22 

0.18 

f3 

0.26 

0.27 

0.25 

0.32 

Eb 

eV 

2.73 

2.43 

2.30 

1.96 

a 

3.4 

3.2 

3.1 

3.0 

<;50  |  2B  I  T±> 

Code  No. 

143 

140 

141 

142 

T 

K 

273 

298 

325 

350 

Ai 

0.97 

0.98 

0.99 

0.97 

A2 

0.33 

0.32 

0.35 

0.35 

E1 

eV 

1.82 

1.74 

1.61 

1.54 

E2 

eV 

2.31 

2.22 

2.10 

1.96 

gl 

eV 

0.34 

0.35 

0.33 

0.32 

g2 

eV 

0.25 

0.24 

0.22 

0.21 

£i 

0.60 

0.62 

0.60 

0.58 

f2 

0.15 

0.14 

0.15 

0.14 

f3 

0.25 

0.24 

0.25 

0.28 

K 

eV 

2.30 

2.26 

2.12 

1.97 

a 

4.4 

4.3 

4.1 

4.1 

<98 | 2B | T±> 

Code  No. 

115 

114 

116 

117 

T 

K 

273 

298 

350 

370 

Ai 

0.99 

0.99 

0.99 

1.00 

A2 

0.33 

0.31 

0.27 

0.24 

E, 

eV 

1.80 

1.74 

1.58 

1.54 

(continued) 
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TABLE  V-9  (continued) 


E2 

eV 

2.31 

2.28 

2.14 

2.00 

81 

eV 

0.32 

0.34 

0.36 

0.37 

g2 

eV 

0.25 

0.25 

0.26 

0.21 

fi 

0.60 

0.64 

0.68 

0.69 

f2 

0.15 

0.14 

0.14 

0.10 

f3 

0.25 

0.22 

0.18 

0.21 

c 

Eb 

eV 

2.31 

2.27 

2.16 

2.01 

a 

4.2 

4.3 

4.3 

4.4 
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TABLE  V-10 

Secondary  Parameters  of  Solvated  Electrons  in  t-Butanol/Water  at 

Different  Temperatures 


<0  tB|T.> 

1  1  l 

Code  No. 

157 

101 

102 

T 

K 

298 

325 

350 

Ai 

0.98 

1.00 

0.99 

A2 

0.53 

0.43 

0.38 

E1 

eV 

1.14 

1.08 

0.97 

E2 

eV 

1.49 

1.59 

1.50 

81 

eV 

0.26 

0.32 

0.30 

g2 

eV 

0.16 

0.23 

0.27 

fi 

0.39 

0.47 

0.48 

f2 

0.13 

0.15 

0.16 

f  3 

0.48 

0.38 

0.36 

c 

Eb 

eV 

1.46 

1.62 

1.52 

a 

2.6 

2.4 

2.3 

<10 1 tB|T.> 

1  1  l 

Code  No. 

103 

104 

105 

T 

K 

298 

325 

350 

Ai 

0.86 

0.98 

0.96 

A2 

0.50 

0.47 

0.44 

E1 

eV 

1.31 

1.29 

1.20 

E2 

eV 

1.65 

1.73 

1.70 

81 

eV 

0.27 

0.30 

0.32 

go 

eV 

0.17 

0.21 

0.27 

(continued) 
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TABLE  V-10  (continued) 


fl 

0.37 

0.48 

0.49 

f2 

0.14 

0.16 

0.19 

f3 

0.49 

0.36 

0.32 

Eb 

eV 

1.56 

1.74 

1.69 

a 

3.1 

3.0 

3.0 

<50 | tB | T±> 

Code  No. 

109 

158 

107 

108 

T 

K 

273 

298 

350 

368 

Ai 

0.98 

0.97 

0.97 

0.98 

A2 

0.32 

0.34 

0.41 

0.31 

ei 

eV 

1.80 

1.68 

1.49 

1.46 

E2 

eV 

2.34 

2.12 

1.87 

1.92 

gl 

eV 

0.34 

0.34 

0.31 

0.34 

g2 

eV 

0.28 

0.23 

0.19 

0.23 

fi 

0.61 

0.60 

'  0.55 

0.63 

f  2 

0.16 

0.15 

0.15 

0.13 

f3 

0.23 

0.25 

0.30 

0.24 

< 

eV 

2.35 

2.14 

1.87 

1.92 

a 

4.2 

4.3 

4.1 

4.1 

<98 | tB | Ti> 

Code  No. 

113 

110 

111 

112 

T 

K 

273 

298 

350 

370 

Ai 

0.99 

0.99 

0.99 

0.99 

A2 

0.30 

0.33 

0.35 

0.24 

E, 

eV 

1.81 

1.71 

1.57 

1.54 

(continued) 
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TABLE  V-10  (continued) 


E2 

eV 

2.30 

2.17 

2.03 

2.14 

81 

eV 

0.33 

0.33 

0.31 

0.38 

g2 

eV 

0.23 

0.23 

0.22 

0.26 

fl 

0.62 

0.61 

0.61 

0.70 

f2 

0.13 

0.14 

0.15 

0.12 

f3 

0.25 

0.25 

0.25 

0.18 

eV 

2.29 

2.12 

2.04 

2.14 

a 

4.3 

4.3 

4.2 

4.2 
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FIGURE  V- 5.  Band  Deconvolution  in  Methanol  at  298K.  Symbols  as  in  Figure 
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FIGURE  V-  6 .  Band  Deconvolution  in  Methanol  Containing  10  Mole  %  Water  at  298K. 
Symbols  as  in  Figure  V-l. 
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FIGURE  V-  7 .  Band  Deconvolution  in  Methanol  Containing  50  Mole  %  Water  at  298K. 
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E  ( E  V ) 

FIGURE  V- 8 .  Band  Deconvolution  in  Methanol  Containing  98  Mole  %  Water  at  298K 
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cEmcnooccnaiizcjLLi 


E  (EV) 

FIGURE  V-9 .  Band  Deconvolution  in  1-Propanol  at  298K.  Symbols  as  in  Figure 
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aCOQCOOQIDQCrZUU 


E  (EV) 

FIGURE  V-10.  Band  Deconvolution  in  1-Propanol  Containing  10  Mole  %  Water  at  298K. 
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FIGURE  V-ll .  Band  Deconvolution  in  1-Propanol  Containing  50  Mole  %  Water  at  298K. 
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(XiTICDOOCOQCIIZULlJ 


E  CEV) 

FIGURE  V-12.  Band  Deconvolution  in  1-Propanol  Containing  98  Mole  %  Water  at  298K, 


345. 


o 


o 


o 


o 


o 

I 


I 

> 


LU 

LU 


CEDQCOOQZQQOIZCJliJ 


FIGURE  V- 1 3 .  Band  Deconvolution  in  2-Propanol  at  298K.  Symbols  as  in  Figure 
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CECQCOOQCCQCr^CJljJ 


E  (EV) 

FIGURE  V-14.  Band  Deconvolution  in  2-Propanol  Containing  10  Mole  %  Water  at  298K. 
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FIGURE  V-17  »  Band  Deconvolution  in  t-Butanol  at  298K.  Symbols  as  in  Figure 
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FIGURE  V-19.  Band  Deconvolution  in  t-Butanol  Containing  50  Mole  %  Water  at  298K. 
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CE  CD  CO  O  CC  CO  CL 


(_J  LU 


E  (EV) 

FIGURE  V-2 0 .  Band  Deconvolution  in  t-Butanol  Containing  98  Mole  %  Water  at  298K. 
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B .  High  Energy  Side  of  the  Absorption  Spectra 

For  the  high  energy  side  of  the  spectra,  the  values 

—  CL 

of  a  in  A/A  =  constant • E  ,  obtained  by  the  method 
described  on  page  76,  are  listed  in  Tables  V-2  to  -10. 
Lugo  and  Delahay  (270)  found  that  a,  for  3-methyl- 
pentane  glass  and  for  liquids  tetrahydrof uran  and  hexa- 
me thy lpho sphor ic  triamide?  is  8/3.  jou  and  Freeman  (85, 
86)  found  that  a  is  around  3  and  4  for  alcohols  and 
water,  respectively.  The  values  obtained  in  this  study 
at  298K  for  the  alcohol/water  mixtures  are  shown  in 
Table  V-ll.  The  values  for  the  alcohols  are  between 
2  and  3,  the  value  for  water  is  4,  and  those  for  the 
solutions  are  intermediate. 

C .  Area  Measurements 

In  order  to  compare  for  relative  contribution  of 
each  deconvoluted  band  to  the  observed  absorption  band, 
the  area  under  each  band  has  been  calculated  (see  pages 
76  and  81).  The  area  ratio,  f,  of  each  resolved  band 
to  the  total  observed  spectrum  is  listed  in  Tables  V-2 
to  -10 . 

D .  The  Secondary  Parameters 

The  representative  plots  of  the  secondary  para¬ 
meters  (listed  in  Section  A),  such  as  E1 ,  E  ,  g  ,  g  , 
h2o  L  Z  L  Z 

and  f^/f^  (i  =  1,  2,  3)  against  composition  are 


' 
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TABLE  V-ll 

The  Values  of  a  for  Alcohol/Water  Mixtures  at  298K 


Mole  %  H20 


Alcohols 

0 

10 

50 

98 

100 

M 

2.7 

3.1 

3.6 

4.3 

4.0 

E 

2.3 

2.6 

3.9 

4.4 

4.0 

IP 

2.6 

3.2 

3.9 

4.3 

4.0 

2P 

2.1 

3.0 

4.2 

4.2 

4.0 

IB 

2.6 

2.8 

3.7 

4.2 

4.0 

iB 

2.6 

2.9 

3.9 

4.2 

4.0 

2B 

1.9 

3.1 

4.3 

4.3 

4.0 

tB 

2.6 

3.1 

4.3 

4.3 

4.0 

*  The  symbols  used 

in  this 

table 

are: 

M  for  methanol;  E  for  ethanol;  IP  for  1-propanol;  2P  for  2- 
propanol;  IB  for  1-butanol;  iB  for  iso-butanol;  2B  for  2- 
butanol,  and  tB  for  t-butanol. 


- 

355. 


shown  in  Figures  V-21  to  -27.  The  trends  in  E1  and  E 2 

(Figures  V-21  and  -22)  are  similar  to  those  in  E, 

Amax 

(Figure  IV-4).  With  the  exception  of  the  2-propanol 
solutions,  the  trends  in  g^  (Figure  V-23)  are  also  some¬ 
what  similar  to  those  in  EA  .  However,  the  uncertain- 

Amax 

ties  in  the  g^  values  render  possible  correlations 

obscure  (Figure  V-24).  Figure  V-25  shows  that  the  be- 

H2° 

havior  of  f^/f^  as  a  function  of  composition,  seems 

to  be  slightly  concave  downward  as  mole  %  water  in¬ 
creases.  From  Figure  V-26,  one  can  see  that  except 
for  1-propanol/water  mixtures,  composition  dependence 


H2° 

of  f  / f  has  an  inverted  U  shape.  Figure  V-27  shows 

h2o 

that  the  trend  for  the  behavior  of  f^/f  as  a  function 
of  composition  is  concave  upward  with  increasing  mole 
%  water. 

Since  it  is  in  the  developing  stage  to  choose 
appropriate  constraints,  the  parameters  obtained  from 
this  type  of  deconvolution  will  not  be  discussed 
further.  How  to  eliminate  the  "subjective"  factor  in 
deconvolution  and  obtain  parameters  more  useful  for  in¬ 


sight  into  electron  solvation  is  a  problem  for  future 


study. 
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H  2° 

FIGURE  V-21.  Composition  Dependence  of  E^/E^  for  Alcohol/ 
Water  Mixtures  at  298K. 

©»  Water;  O,  Methanol;  A,  1-Propanol;  □,  2-Propanol; 
V,  t-Butanol. 
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Water  Mixtures  at  298K. 

q  ,  Water;  0>  Methanol;  A,  1-Propanol;  □,  2-Propanol; 
V»  t-Butanol. 
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Water  Mixtures  at  298K. 


©,  Water;  0>  Methanol;  A>  1-Propanol;  □,  2-Propanol; 
V,  t-Butanol. 
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Q,  Water;  o,  Methanol;  A >  1-Propanol;  □,  2-Propanol; 


V,  t-Butanol. 
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H  ° 

FIGURE  V-25.  Composition  Dependence  of  f  f  ^  for  Alcohol/ 

Water  Mixtures  at  298K. 

•  ,  Water ;  o,  Methanol;  1-Propanol;  □,  2-Propanol; 

V>  t-Butanol. 


o  20  40  60 

ROH  Mole  %  H20 

h9 

FIGURE  V-26.  Composition  Dependence  of 


80 


100 


h2o 


for  Alcohol/ 


Water  Mixtures  at  298K. 

Water;  o  >  Methanol;  A>  1-Propanol;  □,  2-Propanol; 
V>  t-Butanol. 
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FIGURE  V-27.  Composition  Dependence  of  f^/f  for  Alcohol/ 

Water  Mixtures  at  298K. 

9,  Water;  o,  Methanol;  A,  1-Propanol;  □,  2-Propanol; 


V,  t-Butanol. 


